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ABSTRACT

The largest gas field in the Appalachian basin 1s examined
in terms of: 1) structural elements described in existing
literature, 2) stratigraphic relationships derived from gamma-
ray logs, 3) lithologic sequences from well cutting studies,
and U4) inorganic geochemistry of elements and minerals from well
cuttings. Final open flow data from approximately 4750 wells
producing from the Upper  Devonian black shale are compared with
the geological parameters.

The Eastern Kentucky Gas Field, a coalescence of many
fields, is concluded to represent a highly complex structural-
stratigraphic gas trap. Stratigraphic relationships dominate
the origin and occurrence of the gas in the black shale faciles,
but structural constraints on basinal configuration and sub-
sequent doming and uplift in the southeast probably resulted
in gravity tectonics, decollement features, and'compressional
stresses, contributing to a widespread fracture facies concen-
tfated in the Huron member of the Ohio Shale.

This fracture facies may be enhanced by the occurrence
of complex intertonguing of organic black shale with silty
gray shale in the center of the area of high gas production.

Radiating and circular fracture zones (interpreted from
open flow patterns), related to the Paint Creek Uplift,

probably provided conduits for the major pattern of gas

XV



7

r~

.ane egus-ce ny>
W%U Dept. of Geology and Geography

Dec. 1979

accumulation off the nose of the uplift. High pressure zones
in the shales are probably a result of the compressional and
compaction relationships, coupled with the fracture conduits
over the nose of the Paint Creek Uplift.

The mineralic ratios, determined by geochemical analysis,
suggest én upper Devonian environment dominated by relatively
fresh water, marginal, cratonic swamps, which were periodically
destroyed, the organic debris from which contributed to the
black shales accumulating at the toe of the prograding eastern
deltas.

Inorganic elemental geochemistry shows promise as an
exploration tool. The contoured data on the oxides of Si, Al,
Mg, K, Fe, Ca, the ratio Si/Al, and S result in maps which

show configurations similar to the density of high producing

wells.

S Xvi



.ane Megus-ce AyS
WVU Dept. of Geology and Geography
Dec. 1979 1
I. INTRODUCTION
A. Purpose
The purpose of the study presented here is to
relate gas occurrence and production potential (as inter=
preted from open flow data) in the Upper Devonian black
shales in eastern Kentucky to geological parameters,
including regional structure, fracture frequency,
stratigrapky, lithology, and inorganic geochemistry.
Understanding of these relationships may provide better
models for black shale gas prcduction, a practical
framework for field expansion, and may suggest
constraints for techrological advances in recovery methods.
The Big Sandy, as the original field is called,
and the surrounding areas in eastern Kentucky account
for about 90% of the total gas prcduction in Kentucky; about
75% of this is produced from Levonian black shale;
and about 92.2% of the black skale gas is produced
from secondary reservoirs with vertical joints and
fractures according to Hunter (1964). The source beds
are the orgaric black shales ard the primary reservoirs
are the silter or sand layers. Ccleman D. Hunter worked
on this problem for nearly thirty years as chief geologist
for Kentucky-West Virginia Gas.
B. Scope and Data BaSeé
Structural information apd maps are primarily
derived from existing, publisted and unpublished

literature.
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t? Bships and
structural-stratigraphic cross sections are based on
gamma-ray logs selected from 300 well logs supplied by
Kentuck y-West Virginia Gas Ccmpany.

Lithology studies are conducted on about 600
samples of well cuttings frcm thirteen wells. All
cuttings are from cable tool=-drilled wells with one
exception near the Pine Mountain Thrust. These
samples are supplisd by Kentucky-West Virginia Gas
company.

Inorganic geochemwical analyses (x-ray
fluorescence and x-ray diffraction) were periormed on
all samples used in the lithclogy study, plus an
additioral well, totallirg aproximately 700 samples.

Final open flow data frcut apprcximately 4750
w=1lls are abstracted froa Kentucky-West Virginia Gas
Company mapS.

C. Background

The Eastern Kentucky Gas Field may be considered
a coalescence of many fields covering an area of about

3000 square miles arnd centering over a field better

knowr as the Big Sandy (Figure 1). See Figure 1 for location

of study area. This area has prcduced gas from the

Upper Devonian black shales fcr nearly one hundred years;

some wells are still economically productive after
more than fifty years. The stratigraphic sequence of
ma jor interest in this study is thke Okio Shale,

including the Cleveland, Three Lick, upper Huron,
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niddle Huron, and lower Huron units. The Berea/Bedford
segquence has been included wiere data permitted. See
— Table 1 for Stratigraphic relationship of Ohio Shale with
the New Albany Shale ard Chattanooga Shale, and Table
2 for stratigraphic units studied, with general gamma-
ray log characteristics (Provc, 1977) and lithology.
Figure 1 shows the formational terminology (after
(- Swager, 1978).
The enigma of gas producticn from a tight shale
with both low porosity and low permeability has
plagued geclogists in the area since the field's
inception {(Hunter, 1935). Although some relationship
was found with anticlinal structures, gas was also
recoverad from synclinai areas and troughs. As the
field area develop2d, intricate and possibly inter-
connected fracture geometry was suggested by the
gas recovery pattern (Figures 2 and 3, after Hunter
and Young, 13853).
As well cuttings were exakined it became apparent
I that a relationship also existed between gas recovery
and the occurrence of thin silty or sandy layers in
the black shale. These siltier layers were related by
several early workers to shore-line facies on the
epicontinental shelf, as well as stringers related to

c ' deltaic progradation (Hunter, 1953; Thomas, 1951;
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Billingsley, 1934; Lafferty, 1935; and McFarlan,
1943) .

With increased demand, acccmpanied by increased
prices for fossil fuels, interest in more intensive
and efficient recovery of gas from ktlack shales
spurred research on potential gas recovery from the
Upper Devonian black shales in the Aépalachian basin.
This study is a part of the research funded by the
Department of Energy in the Easternicas Shales
Project, and represents anr effort toc bring together as
nuch known data about the area as pecssible in
combination with additicnal research onm lithology,
geochemistry, and aralysis of cpen flow data.

This study presents the general field
relaticnships and focuses the need for detailed
studies in areas such as 1) fine structural features
relatzd to the Ohio Shale prcduction in eastern
Kentucky, 2) the role of lithclogical variation in gas
production, and 3) the reed tc develope a technique to
study fracture frequency and relaticnship of fractures
to siltier layers. (See Suggested Future Problems for

Study) .
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II. DATA USED IN TLIS STLDY

A. Summary of Previous Structure Maps

Various structural horizcns have been studied in
the field area at widely separated times. The maps
existing in the previous literature are reviewed as a
framework for the present study.

1. Accordant Summit Level

A study of accordant summit levels by McFarlan
and Haag (1940) shows ar area physiographically
"not beyond early maturity, so that early upland
levels are still represented in the accordant
hilltops." (Figure 4, after McFarlan, 1943). There is
a major east-waest trend to the strike of the contours

in the center of the fielad.

2. Structure on Top of the Fire Clay Coal (Perusylvanian)

Structure on top of the Fire Clay coal is shown
in Figure 5. A closed southern basin is observed on
the 1000-foot contour. The shaded 900-1000-foot
elevation interval shows an interference figure on the
structural surface, with two crossing directions:
northeast-southwest and north-south. The junction of
these trends at this structural level is the point at
which tlte north-south trending Paint Creek Uplift
intersects the eastern Kentucky syncline.

Relationsips of the Fire Clay coal attitude at

present and at time of debositicn are contrasted with
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inaysis of Data.
3. Coal Face Cleats
Coal face cleats measured by Long (1979) show a
radiating pattern about a southeastern focus. See
Figure 6. This pattern compared with Figure 5 shows a
parallel relationship of face cleat directions to dip
of structural contours on the Fire Clay coal. Long
has sunggested a directioral ccrstraint on the coal
face cleats imposed by depositional basin
configuration, It would appear that the face cleats
may also be related to *he uplift structure in the
southeast, imposed on the ccal after deposition.
If coal cleats are related to this uplift and compressior,
the shale fractures or more intense fracture zomnes
(described under 4, L2nsity cf High Open Flow Wells,
page 32, and Figure 79) may also be related.
4. Structure on Top of tke Berea
Structure on top of the Berea sandstone is sbown in
Figure 7 (after Thomas, 1951). Faults of the eastern
Kentucky system are seer trending east-west across the
upper left quadrant of the map. The Paint Creek
Uplift dominates the structural configuration with a
north-south trend euntering the field from the north
arpd changing to a broader southesastern slope.

5. Structure on Top of the Ohio Shale and Subcrop

Structure (Hunton age)
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Structure on the tcp of the Ohio Shale (Provo,
1577) is shown in Figure 8. Frovo used about 250 data
points, including drillers' lcgs and gamma-ray
logs in the compilation of this map. Data points in
the central area were sparse. Unfortunately,
available gamma-ray logs for the present study
alsoc were lacking in the Floyd County area which is
the center of highest prcducticn. However, some
irregularities in contours suggesting smaller
structure in Floyd County are apparent in Figure 8.
The O0-foot and 500-foot isopach lines for the
Hunton age strata underlying the Ohio Shale are shown
ir. Fiqure 1, (Weaver, 1973). The erosional surface on
+he Hunton sloped tc the €ast, northeast.
6. Evidence of Rome Trcugh Growth
The Rone trough, a bas=rpent structure buried under

Middle and Upper Paleozoic sediments, probably originated

ir Late Precambrian time; however, major development of the

asymetrical graben occurred in Lower to Middle
Cambrian time., Evidence for this dating is observed
in the thickened sequences of siltstones, shale, and
sand comprising the Rome formaticpn (See Figure 9,
after Dever, et al., 1977).

Associated with the Woodward Fault Zone, which
trends northeastward and borders the study area
on the north, (Figure 10, after Silberman, 1972)
Cambro-Ordovician growth faults have been described

trending east-west. Near the junction of two of these
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faults with the Woodward Fault Zone, a Permian igheous
iptrusive and surface dikes are described by Silberman
(1872). The relationship to the northwestern corner
of the study area is shown in the inset map.

7. Basement Structure

Basement structure has been interpreted by
Ammerman and Keller (1979) frcm the Bouguer gravity
map {(Figure 11). The Flcyd Ccunty Channel, extending
northward into the center of the field, is suggested
by these authors to be an aborted rift, entering the
Rome Trough at the same structural elevation as the
trough at that point. The Pike County Uplift and
Perry County Uplift are shown well within the study
area. The interpretaticn by Shumaker (1377) shown in
Figure 12 (Negus-deWwys and Rentcn, 1979) suggests that
the Floyd County Charnel is a saddle with the two
flanking uplifts farther apart. The Rome Trough is

shown as a complex graben with wedge-shaped blocks

successively more down-thrown to the northeast. The trend

of the trough changes rather abruptly tc a more northerly

direction after it enters Wwest Virginia (Negus-de Wys
and Eenton, 1979).

8. Relationship of the Study Area to Precambrian
Geological Provinces and Orogenic Trends

Figure 13 (after Muehlberger, et al., 1967) shows
the study area to be located at the boundary between
two provinces, the 1.35 billicnlyear-old cratonic mass

with north-east orogenic trend lines and the younger
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orogenic trends. The Paleozoic, paleogeographic
epicontinental shelf is suggested by Paul Price
(Lafferty, 1941) to run directly through the center of
the study area, coverirg most cf the map area, with a
slight ecasterly bulge ir the center of the field (See
Figure 14). The New York-Alalama lineament, based on
aeromagnetic data (King and 2Zietz, 1978), tremnds
northeast-southwest to the southeast of the field.

This lineament has been interpreted by King and Zietz

as a possible Precambrian plate suture.

9. Sequential Structural Develcpment in the Study Area

The sequential development of the structural
set+ing of the study area is shcwn in Figure 15
{(Negus—-deWys, 1979), and suggests an active basement
invclvemznt from Precambrian to Recent time.
Detachment and gravity tecfonics in late Paleozoic
time will be discussed under Data Analysis. The

Precantrian New York-Alatama lineament is not shown

(S2e Figqure 14). Structures shown include: 1) Precambrian:

Rome Trough, Floyd County Channel; 2) Cambro-Ordoviciamn:

major Rcme Trough davelopment, grcwth faults, and

Waverly Arch tremd; 3) Silurian-Devonian: Cincinnati
arch, initiation of the eastern Kentucky syncline; &)
Mississippian: Paint Creek Uplift, Waverly Arch (west),
and the Pike County and Perry County uplifts; 5)
Pennsylvanian: Pine Mountain Thrust movement initiated
and major developmert of eastern Kentucky syncline; 6)

Permian: intrusive igneous bcdy and surface dikes
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associated with east-west grewth faults intersecting
the Woodward Fault Zone. Growth of selected basin faults
in the Rome Trough area continues to Recent time.
Be. Stratigraphy from Garma-Ray Logs
Stratigraphic units in tte Chio Shale, when
interpreted from gamma-ray lcgs, are related to
differing log signatures. These may or may not be
identical with the outcrop lithologic units. The
Three Lick bed which shows a trnique log signhature across
the field area has also teen found to be easily traced in
outcrop. Other units are not always easily distinguished
in cutcrop. It was possible to obtain good samples from
only one well which included a gamma-ray log. However,
a nearby well which had a gamma-ray log was selected to
study with samples in order to assess correlation problems.
1. Devonian Shale Stratigraphy
Emphasis in this study is on the Cleveland, Three
Lick, and the Upper, Middle, and lower Huron units of
the Ohio Shale. The Berea/Bedford sandstone and shale
is.included where data permitted (See Table 1). A
comparison of nomenclature used for the Ohio Shale,
the Chattanooga Shale, and the New Albany Shale is
shown iﬁ Table 2, For areal delineation of nomenclature,
see Figure 1.
Provo (1977) and Swager (1978) provide extensive

reviews of the stratigraphic descriptions in the

literature. Assistance in identification of unit tops
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was given by Ed Wilsorn and Z. Zagar of the Kentucky
Geological survey; W. dewitt, Jr., cf the U. S. G. S.
; Doug Patchen of the West Virginia Geological and
Cconomic Survey; and R. Hagar and E. Jenkins of
Kentucky-West Virgiria Gas.

2. Cross Sectiorns

The locations of cross sections constructed from
germa~-ray logs are showrn in Pigure 17. See Figures 18,
and 20 for the stratigraphic cicss sectioms. The trace
characteristics of each unit are apparent. High
natural radioactivity is observed in the Cleveland
which is a highly orgaric black shale in the northern
ard wastern portions of the field. The gray shading
represents the highly organic klack facies. The
unshaded Clevelaud is a silty gray shale which appears
to intertongue from the east and southeast. It has a
lovwer natural radioactivity, and less apparent organic

material. The gray facies of the Cleveland appears

- from the logs to resemble more closely the typical

gray Chagrin Shale (of the Ohio Shale in Ohio) to the
northeast of the study area. The Cleveland thickens
by a factor of 5 to 6 from southwest to northeast.

The Three Lick Bed characteristically shows three
zones cf low radicactivity that suggest three cycles of

deposition. In outcrop the Three Lick appears as

11

19,
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gyreen silty or mud-shale layers interbedded with dark

T

orgaric layers. To the east in the Big Sandy Field this

re unit thickens slightly and shows a more complex radioactivity
| pattern suggestive of additicnal silty layers. This

unit also becomes less distinctive in its radioactivity

signature as it is traced on logs eastward to the edge of

the field area and would suggest additional silty layers.
The upper, middle, and lower Huron units form a
cyclic assemblage. The lower Huron shows the highest
radioactivity, with the upper Hurcn second, and the
niddle Huron showing the lowest radioactivity. The
lower Huron also shows the greatest log complexity,
sucgesting black organic layers thinly interbedded
with silty layers. If the assumption is made that
natural radioactivity may be équated with organic
content, the middle Huron log signature suggests that
the dcminant lithology is a silty shale with less
organic material. Evidence for the lack of correlation of
1 natural radicactivity with gas content of the shales has

been shown by Kalyonca, et al. (1979). Thus, in these

,.__,
1

cross sections, it should be noted that stratigraphic units
{ being correlated are radioactivity signatures and not

na2cessarily continuous lithclcgies, lithofacies

.._‘_‘.,
i
i

eguivalents, or strict time unit equivalents.

y In Figures 21 and 22, crcss sections are shown

M .
e
1
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with the top of the bBerca as the datum. Gas occurrence
information was gernLeratcd where temperature logs were

available; however, temperature log data was not available

for all wells. 1In wells where no gas is indicated, the

ommission may be because of the lack of data. Gas may occur

at any level in the sequence and the general practice

is to "shoot" the entire section in completion procedures.
In Perry County temperature lcgs are noted by Ray (1968)
to confirm that most of the gas was coming from two zones:
the upper Berea/Bedford and the lower "Hot Shale" unit ir
tke upper Devoniar (lower Hurcn). Figure 21 shows the
interpreted intricate irtertonguing of black and gray
skales to be especially well developed in the heart

cf high productior in Floyd County. Figure 22 shovws

the simpler gamma~ray log signature and relatively

tkin occurrence of the Cleveland at the southwestern

edge of the field.

In all cross sections the relatively unifornm
thickness of the Berea/bBedford may be noted. Hovevér,
the signature changes across the field from a
characteristic sand signeture in the northeast to that
of shale in the southwest.

The next seven Figures, 23-29 inclusive, are
structural-stratigraphic cross sections with a 1:163
ratio of horizontal to vertical scale exaggeration.

The steepest dip is approximately 50 feet to the mile.

The open star symbols represent gas occurrence; the

" s0lid star symbols represent known cil occurrence.
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Again, lack of data may account for wells without
hydrccarbons noted. The gas cccurs throughout the
sequence, on structuaral highs, lows, and flanks of the
Paint Creek Uplift which dominates the structural

configuration of the field. Figures 23 and 24 may

extend into the Fome Trough; Figure 24 shows evidence

of faults at the ssuthwestern end of the section. See

Frontisriece for 3-D model of structural-stratigraphic
sections.

3. Isopach Maps

Figure 16 shows the isopach map of the
Bereca/Bedford sandsctone (after Pepper, Demarest, Merrels,
2nd., and dekitt, Jr., 1946). The unit becbmes almost
one hundred percent snale in the west and southwest,
and trom gamma-ray logs appears to be very
uniform in thickness over the field. It is the
lithology which changes and is perhaps what is
reflected in Figure 16. Also see Figure 50.

Figure 30 shows isopach maps of the Cleveland,
Three Lick, upper Huron, middle Huron, and lower Huron
from Provo (1977). About 250 data points from
drillers' logs and gamma-ray logs are utilized
by Provo in the study area shown in these maés. No
great improvement in coverage could be gained by the
addition of loys available for this study. (See

location of available logs under lithology studies.)
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Figure 31 shows the isopach mafp of the total Ohio

Shale segquence. The strike of isopachous lines changes
with time; the total section shows a basic N-S trend in the
strike of the isopach lines. All urits thicken to the
east, but with varyiung rates, with the exception of
the Three Lick, which actually shows an isopach
closure. These rate changes across the field w;ll be
further discussed under lithclcgy studies in relation
to bentcnite occurrence.

4. The Berea/Bedford-Cleveland Boundary Problem

As consultations were Leld with various
specialists in the field, ccncerning the best "pick"
for the top of the Cleveland, it became abundantly
clear that *here is not total agreement on this
subject, especially in areas where the Berea/Bedford
loses its silty or sandy character and becomés shale,
or in cases where the Cleveland shows a siltier
nature. Such “top" problems are probably best decided
on the basis of lithology and radioactivity studies,
and where rossible, with the additicn of
biostratigraphy.

Gamma-ray tops used in this study are in agreement
with the Kentucky Survey (Wilsomn, 1979), U.S.G.S.
(de Wwitt, Jr., 1978), ard Kentucky-West Virginia Gas
(Bager and Jenkins, 1977-79).

5. Fine Structire in Log Fesponse of the Huron

and Cleveland Units
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Changes in the log signature of the Cleveland suggests
cemplex iutertonguing of black organic shales from the
north and west with silty gray shales from the east
and southeast. This reflects the delta toe
s2dimentation interrupted or interspersed with organic
tlack muds, probably largely derived frem the craton.

A similar, and in some cases more erratic, fine
intertenquing is observed in log signature compariscns imn
the lower Huron., High radioactive 2ones are sometimes
nigher than in the Cleveland, Ltut these spikes are not as
casily correlated across the field, However, an
illumipating study would be cne in which the
fine gamma-ray response for the lower Huron is studied
and related to the other parameters, including
ljithclegy.

C. Lithclogy Studies frcm well Cuttings

1. #Well Locations

Cuttings from very few wells were available for
study. Frequently in the center of the field cuttings
are blcwn out of the wells wken high pressure zoues
are encountered.

Figure 32 shows the locations cf wells from which
cuttings are studied. A1l sanples were from cable
tool-drilled wells except well #7289 which was drilled
by rotary. Small dots are locations for wells fronm
which gamma-ray logs are availatle. Not all, however,
are useable for this study.

Samples representirg drillers' runs varied from

+wvo and one-half-foot intervals to as ﬁuch as 30-foot
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intervals. The majority of =amples are from 10-foot
intervals. Fourteen wells and a total of about 600
samples were examined wet using a binocular microscope
with reflected light under 10X and 30X magnification.

2. Cross Sections

The mudrock terminology Cf Fclk (1974) is used.
See Table 3. Table 4 shows lithology symbols for
cross sections. Early in the study it became apparent
that the Ohio Shale sequence is predominantly very
silty silt-shale in some wells, although this seguence
is usually referred to as "bicwn shales."

In constructing cross sections it is deemed
advisable to use the pbase of the Huron as the datum
line because it is easily rccgrized and because of
difficulties in correlation higher in the stratigraphic
sequence.

Cross sections A-A', B-B', C-C', and D-D' are shown
in Figures 33, 34, 35, and 36. Section A-A' (Figure
33), from southwest *+o northeast, shows the thickening
section to the east. The Berea is 100% shale in the
southwest grading into a siltstone with some sand
grains in the east and northeast. Some dolomitic
cementation is observed in the siltstone. In the Eastern
Kentﬁcky Field the Berea is of nearly uniform thickness

over the entire area, but does show changing lithologye
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The Cleveland Formation igs a black to dark brown, at
times greasy looking, highly organic siltstone in the
southwest, It grades inLto a browner silt-shale and
then t¢ brown mud-shale ip the cast, where it
intertongues increasingly with gray clay-shale and
mud-shale.

The Three Lick is designated as the “upper banded
shale” by Swager (1978) at the outcrop. This banding
of green and gray and brcwn shale is also apparent in
the well cuttings. In some wells, silty zones are
apparent,

The upper Huron is usually a tkrown, highly
orgaric mud-shale, and is the "lower black shale unit"
of Swager. The middle Furon is less organic, siltier,
and frequently shows irterbedding cf gray or green
with black shtale. Tke lower Huron is very highly
organic, black to dark mud-shale and may show some
interbedding. It breaks into blocky rather than
plate-like fragments. In the cutcrcp it also appears
blockier and less fisssle than the Cleveland or other
Huron units.

Fcer comparison with the lithclcgical cross
sections, similar sections using logs may be compared
{Figures 18, 19, and 20) as well as the
structural-stratigraphic sections (Figures 23-39

inclusive). These are not identical lines of section,
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because logs are rot aveilable for most of the wells from
which well cuttings are used. Crly one well from

wvhich cuttings were studied, could also be studied by
gamma-ray log. Gamma-ray logs are only available

for wells #7289 and #6869, neither of which could be
considered key litkologic logs.

In cross sectionu A-A' the center well appears to
be lacking part of the lower Hurcn and shows a milky
wvhite chert and limestore unit. This is probably
Huntersville Chert (Fagesr, 1¢78). The chert contirues
fof approximately 75 feet with a tan-gray sandy,
fossiliferous limestone and déark brown sucrosic
dolcmite., Stylolites occur in the limestcne. This
well, located more centrally in the field, shows
irdications of fractures at 29 different horizons.

The lowest part of the Huron, which is usually black

shale, is not present in the well and could be a

rnormal fault with 75-100 fect displacement in the

Huron, eliminating the lowest part of the Huron and

bringing the Huntersville éhert in higher in the

e section. Such a fault on the side of the Floyd County
Channel would not be unreasonable. Other possibilities
are 1) the collection of samples and 2) detachment
tectonics related to the soutteastern uplift. See

section on Data Analysis.

rrrrr
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The Boyle cherty limestcre, observed to
occur in scme outcroys below the New Albany Shale,
appears similar to thke cherty well cuttings. The
relaticnship of the Foyle and Huntersville is
presently under study by Conklin (¥ilson, 1979).

Crocss section B-B' (Figure 34), north-south
through the center of the field, shows the thickering
of the section to the south. Redbeds occur in the
northern two wells, but not in the southern where the
sections shkow more silt. The nost southeastern well
appears to show repetition and, thus, may represent a
faulted section. However, *+he increased slickensides
which would be expected to acccmpany such an
irterpretation, are not apparen* in the well cuttings.

Protosalvinia raverra (a bifurcated form of the

krown alga) occurs near the top (Cleveland Formation) of

the Southern-most Knott County well (Protosalvipia is not

found such an horizon in other wells) and section repetition
appears in the Knott County well, suggesting thrust
faul4ing. A gamma-ray log frcm a well within 2 miles to the
rorth does not show signature abnormalities, and thus,

does not substantiate such an interpretation at that

distance in that direction. Frotosalvinia_occurrence

has usually been reported as restricted to the middle
Huron just below the center c¢f that unit., Provo
{1977) and Swager (1978) do repcrt cccurrences from the

Three Lick down through the lcwer Huron. Occurrence of forms
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suggestive of such a stra+tigraphic range are also
found in these cuttings; publication of such results
will avait further study.
asmapites has beer determined by Jux (1971) to
be the spore of a yreen alga. This spore is very
common througaout the sequence, both as a carbonaceous
form as well as pyritized spheres. It would appear
that the shales were a veritakle algal soup!
Archaeopteris is a characteristic Upper Devonian
plant represented by 15 or more species and recorded
from numerous localities in New York, Peannsylvania,
and eastern Canada, frer Great Britain, Ireland,
Belgium, Germany, ard U.S5.S.EK. and from high latitudes
in Ellsmere Island and Rear Island (Andrews, 1961).
Lee and Tsal (1978) also repecrt cccurence in China.
feck (1960) announced the important discovery of
finding a pyritized stem with Callixylon wood
structure bearing several fragments of Archazopteris
fronds. Thus, they are one and the same plant. Specimens
of Callixylon exceeding five feet in diameter are reported in the
Upper Devonian of Oklahoma. It is thus the largest known
Devonian plant., Petrified wccd of Callixylon is found in the
Ohio Shale outcrop in Kentucky in several localities
ard is described by McFarlan (1943) in discussion of
the Huron Member. This suggests swamp development
with sizzable tree ferns existed not far from the

study area. Such swamp develcpment could contribute
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the black muds from the cratcn area during periods of
higher rainfall. See Figure 37 for a drawing of

Archaeopteris. Woody, vitririte fragments are comnmon

in the gray shales. The source plants were not identified.
Moocre {1929) ard Twenhofel (1939) postulated

near-shore, shallow water environment and, in the

absence cf evidences of wave action, according to Rich

(1951, are forced to postulate choking of the water

by aguatic vegetation %to such an extent as to damp out

wave action. Because the Callixylon logs had not yet

been associated with the Archeopteris fern-like

fronds, and were thought, frcm the woody tissue, to be
conifer-like, Rich (1951) argusd that if the masses of
vegetation were dense encugh to damp out all wave
action, it would seem that they would also have
prevented the floating-in of the great logs of
Callixylon which are sc common in certain parts of the
shales. Pelagic organisms such as cephalopods and
pterorods are further offercd by Rich as evidence of
deeper water. However, the mcdel of marginal swvamrps
periodically inundated by marine fluctuations could
satisfactorily explain the data. See Figure 37b for
depositional model, after Twernhcfel (1939).

Tc quote from Moore (1929) in discussing probable

conditions of formation of Pernsylvanian age black shales
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:+ "perhaps the only difference between these and some
of the so-called normal types may be restricted circulation
r due to abundant plant matter, or the presence of a large
guantity of humous materials derived from drowned coal
swamps. " |
3. Lithofacies Maps
Recognizing the scarcity cf data points, which was
[ caused by lack of available well cuttings, data were
contoured. The resulting lithofacies maps are presented
with full awareness of the restricted data, but with a
suggestion that the results are meaningful when compared
with the other data.
In examining the well cuttings the rock types are
noted and described, occurrence cf plant and animal
t frageents are noted, as well as indications of

fractures, Fracture indicatcrs which wvwere used

[

include: -'slickensides, open fractures, filled
fractures, fracture sides withk attached spar, and
separate spar crystéls. Stylclites occur in the
o limestone unit in the bottom cf the central well
(Section B-B') with the Huntersville Chert.
Frequency of fractufes was contoured (Figure 38).
Bacause of the differences in sample intervals and the
inherent problems in the fracture indicatcrs (caving,
- slickensides from drilling, etc.,) the author was

extremely dubious about this aspect at the omnset of
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the study. However, the resulting configuration

appears reasonable, and did nct reguire much
alteration of contour lines whken fractures from cored
wells were added (Evans, 1979). Wells were examined
in nc logical sequence ard nct ccmpared until all vere
completed. Nonethkeless, a more objective and
replicakle method of obtaining fracture frequency data
would be desireable.

Maps of relative percentages of gray, brown, and
green shale in the total Ohio Shale sequence studied
(Cle#eland-ﬂuron) are shown in Figures 39, 40, and 41.
The isopach map of black shale is shown in Figure 42,

The configuration c¢f the Cevonian black shale
isopach shown by Harris, de ®itt, Jr., and Colton
(1978) (Figure= 43) shkouid b= compared with the combiration
of the brown shale arnd black shale ¢f this study (Figure

4¢ and 42). In the compilaticn of the map by Harris,

%

al., de Witt included orgaric black and brown
shales together (Figure 43), whereas the maps in this
study separate the two.

Percent shale ¢f total Chio Shale sequence is
shown in Fiqure 44 which may be ccmpared to percent of
silt and sand in Figure 45, Higher silt/sand areas
occur in'the northeastern section of the field and a

patch southwest of field center. If the silt/sand
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percentage is‘contrasted, Figure 46 results, showing
finer grained clastics to the southwest and coarser
material to the northeast. FPercent carbonate is shown
in Figure 47. It shows a marked similarity to the
isopach map of the "Corriferous" (McFarlarn, 1943) seen
in Figure 48, %Coruniferous" includes limestones of
Maysville (Upper Ordovician) to Hamilton (Devonian)
formaticns. Hamilton underlies New Albany (Ohio Shale
equivalent). Thus, the suggesticn from the
"Corniferous" isopach map that a northeastern basin
in the Fome Trough complex was in existence during
"Corniferous" deposition, leads to the conclusion
that this northeastern tasin, later known as part
oi the eastern Kerntucky syncline, may have bheen
defined as a deeper segrent as early as Upper
Oréovician (Maysville)., Comparing sediment
thicknesses suggests that in eariy Pennsylvanian time
this northern basin was particularly well developed
(McFarlan, 1943),

Percent redbeds of total sequence i§ shown in Figure 49.
Ar area trending nortneast-southwest across the study area
shows occurrence of redbeds with the highest values to the
northeast. This suggests a positive area during late

Upper Devonian time, or preferential currents
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depositing detrital fragments from eastern deltaic
origin.

The results of very scanty data on the
Berea-Bedford show thke unit tc be 100% shale in the
southwest, and, if the trend is extrapolated, the
50:5C shale:sandstone ratio lire would run through the
heart of the gas field. The isopach map of the
Berea-Bedford (Pepper, et al., 1946) shows the sand in
a highly ccmplicated patchy ttirning and thickening in
the Floyd County area (Figure 16). (See Figure 50 for
cross section.) From the gamma-ray logs the
Berea-Bedford appears to be c¢f rnearly uniform
thickness over the fielda. Thus, the lateral changes
ir lithclogy in the croszs section may be regarded as
facies changes. Other possitilities are erosional
genesis and local structural ancmalies. The small
scale thins shown in the isopach map in the central
area of the field may relate tc growing structures.

Detailed structure maps on the Big Lime
{(Mississippian) in this area (Figure 51, after Miller
arnd Withers, 1928, referenced in McFarlan, 1943) show
several fine structures superimposed on the northwest

regional dip.
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4, Correlation of Gamma-FRay Logs with Sample Study

It would have been ideal to use samples from
logged wells, but of the sampled wells only one gamma=-
ray log was useable of the twc obtained. Nearby
logs Wwere used when available,

In the areas surrounding the center of the
Fastern Xentucky Field area, the lithologic units as
described from samples are casier to identify with
gyamma-ray logs 6f nearby wells. However, in the
central part of the field, most of the production
occurs in the area of maximun lithologic complexity.
This probably is rot fortuitous. The correlation of
lithology to natural radioacitivity in this area
appears extremely difficult ard guestionable. The

natural radioactivity reea not relate directly to high

organic content, so this lack cf correlation is not surprising.
Scale restrictions and the few number of wells studied dictate
that the lithologic complexities be greatly simplified in the
figures, but the isopach maps suggest complex depositional
intertonguing of cratoric-derived, organic black muds
with distal deltaic silts and clays. (Black organic
ruds also appear in the lowar Huron from the east.)

L. Inorganic Geochemistry Studies from X-ray

Fluorescence and X-ray Diffraction of Well Cuttings

The same cuttings included in lithology studies vere
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utilized in geochemical analyses, with the addition of one
well, #1660. From 1935 to 19€4 Cocleman Hunter studied the
Fastern Kentucky Field and from well cutting examinations he
published average values for guartz, pyrite, kerogen, and
bituminous material (Hunter, 19€4)., Maps showing iso-value
lines based on these data are shown in Figures 52, 53,
54, and 55. From the same study Hunter's estimated
ultimate recovery per well is shcwn by county in
Figure 56. The quartz map shows high values to the
cast; pyrite is hign in Floyd County and may extend
north; kerogen is high in Flcyd County and on to the
rorthwest; bituminous meterial is higher to the northwest
and 1ow to the east-southeast; and the estimated
recovery contours show an elcrgate oval configuration
with a northeast-sbouthwest axis.

1. Elements Analyzed

Elements analyzed include Mg, al, Si, P, K, Ca,
Ti, ¥n, Fe, S, Cu, Zn, Sr, and Na. All elements
except sulfur are analyzed as oxides. The ratio of
the oxides Si/al is also studied.

Table 5 shows the elements analyzed with micimum,
maximum, and mean values, variance, and coefficient of
variance. Variance is the average cf the square of

the deviations of the measurements about their mean;
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coefficient of variance is tlke standard deviation (
variance) divided by its related mean, and is a
relative measurement of deviation.

A comparison of Si and Al oxid= graphs for the
Rereas/Bedford through Huron sequence is shown in
Figure 57. The wells are arranged from west to cast.
Figure 58 shows the Si oxide graphs in the well
positions. Field cross secticns of the Si-Al oxide
ratios are shown in Figures 59, 60, 61, and 62 with
stratigraphic units noted. 1Llegend preceeds figures.

Figure 58 shows great similarity among wells in
the nor+heastern portion of the field (#5584, #5963,
and #5903), some similarity ir the soutawest (#1678,
#1380, #7272, and %#7289), and practically none in the
center (%965, #1486, and #59C¢). 1In the cross
sections the 4 = a ratio of 4:1 in the Si/Al oxide
ratio. Again, the center of thke field shows more
"diverse relationstips.

2. Computer-drawn FMaps cf Elemental Data

From these data, computer maps are runm on the
average values of individual stratigraphic units, for
the total sequence, and for thke Ohio Shale. The map
for the Si oxide in the Three Lick unit is shown in
Figure €3,

A comparison of computer-drawn map miniatures is

shown in Figure 64 for all units for Si/al, Al, si, s,

29
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Mg, K, Fe, and Ca. The darkest shade is the highest
value, the lightest shade represents the lowest value.
A1l were run with six levels, not always representing
equal increments, because of range differences in data.

The Si/Al map series for the stratigraphic units
as well as total sequence and total Ohkio Shale are
shown in Figure 65. Average values used for total
sequence may vary from an average of 25 samples to an
average of 75 samples, depending on the thickness of
the well sequence involved.

3, Minerals Analyzed and Mineralic Ratios Studied

mhe 13 minerals analyzed are shown in Table 6
with simple statistics for mirerals and mineralic

ratios. Chemical fermulas are shown in Table 7 and

"Table 8 shows ratio definiticns.

4, Computer-drawn Maps cr Mineralic Ratios

Computer-dréwn wraps for the mineralic ratios,
using average values for the tctal stratigraphic
sequence are shown in Figures €6, 67, 68, 69, and 70.
The darkest printout is the highest value area, the
lightest printout being the lcvwest. Increments are
not always equal because of ccnstraints on computer
mapping of closely spaced lines. Ccmputer maps were
run as a check on hand-contour<d mapse. (See Analysis

of Data section)

30
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E. Production Studies frcm Firnal Open Flow Data from
{7‘ approximately 4750 wvwells.
| The areas of Upper Devorian Chio Shale gas production
in eastern Kentucky are shown in Figure 71.
1. Distribution of Data Ecints
Z The locations of the apprcximately 4750 wells
from which final open flow data were supplied by
Kentucky-West Virgiria Gas are shown in Figure 72. It
is not intended that the well numbers be legible!l
Admittedly, there is some structure to the data
distritution, but over-all the density averages about
5 wells/square mile. Density of points may go as high as
20 wells/square mile. It was decided at the omset of the

study, because of apparent ccrplexities of the field,

ot
0]

use all data obtained. During the contouriag
procedures, by hand (Figure 73, using all 4750 points)

E and by computer (Figure 74, using 4138 points) data

points were rejected because cf faulty location on

supglied base maps, doutle well numbers, missing open

flow data, and illegiblé data.

, 2. Hand Contoured Map (Figure 73)

The data points were sc densely spaced that

{ little interpretation went into hand contouring

o the data. The resulting configurations are

concluded to be fairly reliable, in terms of

representing the data used.

Contouring was done on a base map at a scale
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of approximately 1:100,000. 1his was reduced to

a scale of 1:250,000. 2 three-level versiou of final
oper flow contours was color-ccded, from which the
directicnal trends discussed later were measured.

3. Computer-drawn Map {(Figure 74)

Data points were given cccrdinates by the
computer data processing secticn of the West Virginia
Geological and Economic Survey under the direction of
Mrs. Mary Behling. Sixteen ccmputer-drawn mhap
sactions were run, the total ccmpilation size of which
was 8' x 16°'. Thesé map secticns were reduced and
compiled into a single map frcm which Figure 74 wvas
hand-copied and cod:d at three levels like the hand

rawn map. The resulting contiqurations tend to be
rendered more ortkogonally than the hand-contoured
version (Figure 73). In the firal computer mapping
program used (ADMINMAP): 1) 2-3 pcints were averaged;
2) there was no overlapping of map strips; 3) areas
were contoured rather than blccked:; 4) paper was
reversed to eliminate pattern; and 5) commeﬁcing with
a value of 0. 10 MMcf, increments used in mapping were
0.15, 0.25, 0.25, 0.25, 0.50, C.50, 0.50, 0.25, 0.25,
and .00 MMcf/day.

R histogram of the data (0.00- 2.00) is shown in
Figure 75. A break is represented between frequency
of 800 and 2000 because of tke tctal length that
segment would have. The data are nct graphed past 2.00

on this scale because of scanty data occurrence in the
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>2.00 MMcf/day secticun.

A second histogram of the data (0.00- 0.225) is
shown in Figure 76 to show the finer structure of the
frequency represented ir that interval of open flow
valﬁes. Finally, Figures 77a and 77b shovw a large
scale graph of all data used in computer mapping.

Twc cross sections taken through the
hand-contoured and computer-drawn mags are comparad
(See Figure 105, Data Analysis section). There is
a g=neral similarity between the twc curves, but
sufficient offset arnd smoothing occurs to suggest
that exploration studies should use hand-
contoured maps rather than ccmputer-drawn maps,
or use a combinatior of both types.

4, Density of High Open Flowvw Wells

A data set very similar tc that provided to the
author was provided %o James Griffith of mobile o0il
(1976) for analysis. See Figure 78. 1In the data set
yiven Griffith the author ccnnected all wells with
values >= .5 MMcf/dey where nct contra indicated
by lower open flow values. The resulting pattern is
seen in Figure 79.

Griffith contoured the density of wells >=0.5
M¥cf/day per 25 square mriles and >=1.00 MMcf/day per
25 sgquare miles., The contour values represent the

general pattern of gas accumulation (Figure 80)e.
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I7Y. ANALYSES OF DATA

A. Open Flow

About 90% of eastern Ksntucky gas wells are
"shot", 9.9% are treated, and 0.1% are natural flow
completions. Measurements on an 8 hour period following the
shooting or well treatmernt are the basis of the open
flow data used. It is not deemed necessary to
separate data ou the basis of the differences in well
completion (Jenkins, 1977).

Three trend surface analysis programs were run first on
t+he entire fi=ld and then on sections of the field. Figure
81 shows the first degree surface trends for these
programs.

The fourth degree surface fecr the entire field,
using a grid set of 417 equally spaced points,
produces Figure 82. This may te ccmpared with the
plcts of Griffith in Fiqure 80, which show the same
tasic NE-SW trend.

Frem the hand-contoured open flow map with 3
contour levels, Figure 83, trends of high production
areas (Figqure 84) and of low, c¢cr non-production areas
(Figure 85) were traced. Alttough this is a
subjective procedure, the clcse spacing of the data
points used for the contouring suggests severe
restrictions on the resultant configurations. Trends
represent long axes of patterns. The low open flow

traces are more subjective because of the larger
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spaces involved.

Polar plots of trend lengths were plotted for the
high (Fiqure 86) and low (Figure 87) trends. A change
in direction is noted with change in length of trend.
Cumulative plots of high and high plus low are shown
in Pigure 88. Three major directions are repeatedly
apparent: NW-SE, NE-SW, and E-W. These configurations
may be compared with the polar plot from Long (1979)
of Devonian shale composite fractures from outcrop
(Figure 89). This latter work shows the NE-SW and
NW-SE directions to be dominant in fracture trends at
the outcrop. The E-W directicn is conspicuously
absent.

Even in early writings ({(Hunter, 1935; Thomas,
1947%; Lafferty, 1941; McFarlan, 1943; and BRillingsley,
1934) the gas production was interpreted as being
dependent upon fracture occurrence (See Introduction).
Thus, the trend traces of high open flow
configurations and possibly thcse of the low trends
(See Figures 84 and B5) may ke regarded as probable
fracture patterns. This might further suggest that
the Ohio Shale sequence is diversely fractured

tkroughout the field, presenting a “fracture facies"

35

as described by Shumaker (1977). 1In a series of studies

of natural fractures in cores from Martin, Perry, and

Jdohnson counties, Evans (1979) has observed great diversity



<ane lNegus-ce Wys
WVU Dept. of Geology and Geography
Dec. 1979 36

ir fracture orientation ir the shale sequence.

Different lithologies may be expected to show a
differing degree of fracturing, and therefore, percentages
of silt and sand to orgaunic black mud should affect
the intensity of fractures cor fracture frequency.

Thus, the "fracture facies" concept may be even more
restrictive in termes of a preferred lithologic unit
which may or may not in turn relate to a stratigraphic
unit. Such a "fracture facies" could be independent

of stratigraphy interpreted frcm natural radioactivity.
we will return to this ccncept in considering the
Analysis of Lithology Study results.

Table 9 shows a comparison of 1964 data and
the present study in terems cf total open flow, average
open flow per well, and percent dry holes. Average
per well has increased ty 20 percent and dry holes
have decreased by almost 10 percent. In 1964 Knott
County shows the highest number of wells producing
frem the Devcnian. See Table 10.

Based on 415 MMcf total recoverj per well x 5000 wells
the estimated recovery is apprcximately 2 trilliom cubic
feet of gas from the Devonian klack shales in the field
area for that number of wells. |

B. Structure

Three main structural trends are apparent(Figure 14
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and 15) : north-south, eest-west , and northeast-
southkwest. Table 11 shows the features, trends, and
ages. North-south trencés dcminate from Precambrian
through Mississippian time. Fast-west features are also
prevelant from Precamhrian through Mississippian with
growth in the Rome Trough continuing to the Recent time.
The northeast-southwest trend appears to become more
dominant in Pennsylvanian time with domal structures
(Pike County Uplift and Perry County Uplift) appearing
probably in Mississippian and a known igneous intrusion
in the Permian, with associated dikes.

The depth and continued displacement along and
related to the Rome Trough bCasement feature is better
brought intoc perspective with a three dimensional model
based on Skumaker's (1977) interpretation of basement
structure (Figure 90). The tasement trough in the
northern area is 14,000 feet cr almost 3 miles deep (the
northwest corner showing a depth of -2000 feet, deepening
to -16,000 feet in the northwest).. This is over four and
ore-half times the depth of tie Grand Canyon at Torowveap,
Arizona. By the Ammerman and Keller {(1979)
interpretation (Figure 11) the Floyd County Channel would
intercept the Rome Trough at the same depth. These
cratonic features and subéequent changes and developments
of structural features may be expected to affect
depositional characteristics and complexities. The black

shale isopach values are greatest over the Floyd County
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Channel. This is aDe6. Pd%area cf complex

intertcngquing of the westward prograding deltaic
facies with the organic muds. The geochemical data
also suggests greater marine influence coming in from
the southwest and slightly frcm the northeast; fresh
water influence is suggested from the north, west, and
east (Sce D. Geochemistry, page 45) .

Fractures in black shale, like coal cleats, may
relate to stress directions and tasinal configuration.
Although the Ohio Shale sequerce shows an overall N-S
strike in isopach contours, tte present attitude of
t+he black shales relative to the Fire Clay coal
(Figure 91) suggests a northeast trending line of
flexure along the easterr side of *the eastern Kentucky
syncline. The late Paleozoic uplift in the southeast
hinged along this line. fhis hingeline also plunged
slightly as it is followed northeastward and ‘
southwestward on each side of the Paint Creek
Uplift, dividing the eastern Kentucky syncline into
two tasinal areas, one rortheast and the other
southwest of the Paint Creek Uplift. (Figure 5).
Fracture zones and faults could be expected to relate
to these movements and structires involved, and the
fractures and faults could be expected to be reflected in
production patterns (Figure 79), which do indeed show: 1)
northeast trending cut c¢ff and several linear, east,

southeast radiating high production bands from a

a
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central intricate pattern over the nose of the Paint
Creek Uplift (Piqure 92 and ccmputer map, Figure 74).
Note: A radiating pattern of lineaments in the area
of radiating high production trends has been recognized
from Landsat by three independent wcrkers since the
completion of this study (Donahue, 1979).

The pattern, when viewed in 3-D (Figures 93 and
J4) shows the NE~SW trend, as well as some
of the cther possibly radiatirqg directions.

A rolar plot of structural features and trends of
high open flow may be seen in Figure 95. The
east-west and northeast-southwest directions appear to
show the greatest correlaticn.

C. Stratigraply-litholcgy

During Devoriail time the North American
continental plate was probably situated south of the
equator with the Appalachian tlack shales being
deposited at about S 35 degree latitude. (Figure 96; after
Heckel and Witze, 19768, with permission). This
reconstruction is based on cartonates and lithic
paleoclimatic indicators, and appears as the cover of
the publication entitled "The Devonian System" which
resulted from the International Syamposium on the
Devonian in 1978 in Bristol, England. It may be noted
that in this interpretation Scuth America is very

nearly convergent upon the Ncrth Americanr continental
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piate margin in close proximity to the study area. A
model of island-arc collision is favored for Upper
Devonian time.

Also from Heckel and Witze, (1978) see Figure 97
which shows Upper, Middle, and Lcwer Devonian
paleogeography. The study area location is noted in
these figures by a rectangle.

The role of plate irteracticns in sedimentation
is discussed by Sloss and Speed (197&), related to
miogeosyncliral and eugecosynclinal sedimentation by
Rogers (1971), and suggested Lty Provo (1977) to relate
+o understanding the black shale sedimentaiion.
Discussion of causal agecnts outside the study area is
beyond the scope of this work cther than to
acknowledge the framework of present concepts into
which this study may fit.

In such a framework it is interesting to note the
change in rate of basiral suksidence deduced from unit
isopach maps relative tc two rentcnite layers.

{Figure 98). The lower bentornite is possibly the

Tioga Bentonite (but 50 feet into the chert and limestone)
and the upper is here designated as the "Big Sandy"
Bentonite.

The changing strike of the isopach map contours
(Figure 94) is also of interest, and appears to change
from a northeasterly directicr t; north-south to

northwesterly, suggesting changes in basinal
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configuration.

From the litholoygy studies, Figure 99 shows
histograms of observed fractures versus lithotypes,
stratiqgraphic units, structure on top of Chio Shale,
and thickness of total shale. The highest degree of
correlation is seen in mud-shale lithology, the middle
Huron unit, -10C0 to -1250' (below sea level) on Ohio
Stale structure, and a thickness of 500 to 600 feet in
total sequence. If the arcal values of the fracture
occurrence, shale thickress, and structure on the Ohio
Shale are supperimposed, Figure 100 results. This
suggests a high priority area (1) and second (2) and
third (3) chkoices in terms of anticipated high open

low. The outlines of Griffith's contours of density

of high producing wells are shown fcr comparisone.

From such a comparison, the mud-shale lithology is suggested

as the "fracture facies" lithotype and the middle Huromn
unit as the stratigraphic unit in which such a lithotype
is more common in the field areca. Fracture facies may be
expected to relate to other units in other areas or
specific locales.

Frcm Thomas (1951) an iscpach map of brown shale
in the Frestonsburg Quadrangle, with the demarcation
line between <0.1 MMcf and >0.1 MMcf open flow, is
shown in Figure 100. Thke trend cf the line is NNE

across the quadrangle, diagonally across the #00-
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R00-foot isopachs of "brown skale."™ This trend
relates closely to tle trend cf contours of percent
brown silty mud-shale in Fiqure 40, the 90% line being
very clcse to the above menticned demarcation line.
However, the values for the percent brown silty shale
in Pigure 40 drop off tc the scutheast, whereas the
cpen flow values increase. The highly organic black
shale increases to the south of the figure in question
and the silt and sand increase to the east-northeast.
The 10 fracture/well contour in Figure 38 closely
parallels the demarcation line and could suggest a
fracture frequency limit of 10 fractures per well for
>= 0.1 MMcf open flow, other factors being suitable.
The isopach arnomalies in Figure 101 show thickness
anomalies cf 206-30 feet impcsed on a basically N-S
strike. These may be a result of erosion at the top
of the Ohio shale over structural features, or
"ponding” of black shtale deposition in depresions on
tne epiéontinental shelf terraces during se@imentation
(Browning, 1935). There may have been some karst development
in the underlying limestones. Because production has not
appeared to show a 1:1 correlaticn with the individual
closures in studies in the past (Thcmas, 1951;
pillingsley, 1934; lafferty, 1941; Hunter, 1935 and
1964), racovery may rather be nore complexly related

to compaction fractures which are related to shale
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thins and thicks, silt-sand layers, and firn=
structure, and thus, not show absolute constraint by
fine structural anomalies. A present study

of detailed structure arnd rslaticnships to gas
occurrence is in progress (Lee, 1979).

The role of structural desvelopment along with the
lithological differences is discussed under structural
develogment in this section ard in Summary and
Conclusions.,

Using a stepwise regression procedure for
dependent variables D1, which is density of high
producing wells >=.5 MMcf/days/25 square miles and D2,
which is density of Ligh producirg wells >=1.0
MMcf/day/25 sguare miles aud independent variables
(fracturaes, structural depth cn top of Ohio Shale,
shale thickness, percent sandstone/siltstone in total
sequence, carbonate percent, greeﬁ shale percent,
occurrence of redbeds, black ctshale thickness, brown
shale percent, gray shale percent) the following
relationships were observed:

1. D1 vas best explained by fractures: rR™ = 83%
Adding redbed occurrence: R™ = 92% No other
variables met the 5% sigrnificance level for entry into

the model.

2. D2 was best explained by fractures: R;'= 64%

Adding Lkrown shale % of total segquence: RS = 92%



~ane Negus-ce AYyS
WVU Dept. of Geology and Geography
Dec. 1979 4y

Adding structural positiou: E- = 96% No other
variables met the 5% sigrnificance level for entry into
the model.

3. Table 10 shows the ccrrelation coefficients.

Significant relationships at the 5% level are boxed.

Thus, conclusions from the lithology studies may
ke summarized as follows:

1« The samples studied indicate a shaly
Berea-Bedford sequence in the southwest of the field with
increasing silt and some sand to the east. The
thickness appears fairly unifcim.

2. The Ohio Shale shows a high shale content in
the southwest with increasing =ilt and sand *to the
northeast, with a hign silt-sand value area to the
southwest of the field center. The clastic grain size
increases to the northeast.

3. A higher carbonate zcne trends northeast-
southwest. kedbed occurrence follows the same
trend. This may represent a higher area-during
Upper Ohio Shale deposition time or a preferential
current direction bringing in detrital redbed
fragments and following the incipient development of
the eastern Kentucky syncline. This area also
correlates with the thickest area of the "Corniferous"

limestone, which suggests early basipal development.
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4. Fractures, as observed frcom well cuttings and
core data, and related tc freguency of indicated
horizons, appear to be most strongly related to:

a) mud shale lithology, b}  middle Huron
stratigraphic unit, c) 500-600 foot thickness of
total shale, and d) -1000-foct to -1250-foot
structural position on top of the Ohio Shale.

Figure 101 shows the compariscn outlimes

of areas using these correlations, and the
cornfigurations of Griffith's density of high producing
wells (>= .5 MMcf/day/25 square mileévand >= 1.0
MMcf/day/25 square miles). A ncn-subjective method of
fracture iderntification is desirable. However,
results from this study are prcmising in lieu of other
mears cf fracture identificationmn.

5« The more highly fractured well centrally
locatsd in Floyd County may fpenetrate a normal fault
of approximately 75-150 feet cn the west side of the
Floyd County Chanrel. The Ohio Shale appears to be
75-150 feet short. The Huntersville Chert underlies
the Ohio Shale section.

6. The Knott County well may have penetrated a
shallow margin thrust fault.

7. Positive identificaticn of all Ohio Shale
members in cuttings is not feasible without other
information. More studies using lithology,
biostratigraphy, ard radioactivity are needed in

subsurface (similar to Swager's outcrop studies) to

45
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better interpret the intricacies of shale stratigraphy
in the fastern Kentucky Field.

D. Geochemistry

Configuratiorns of elemental percentages are
compared with density of high produncing wells (Figures
64, 102, and 80). Thosc showing similar
configurations (Figure 63 for example), vhether from
high central values or low, are related in Table 13 to
stratigraphic units.

Elements showing great similarity in map
configuration are &1, Si, S, Mg, K, Fe, Ca,, and the
ratio Si/Al.

The highest number ¢f correlaticns is related to
the lower Huron unit, followed closely by the upper
Huron. The element showing the highest number of
correlations is sulfur, followed closely by Mg, and
+hen by both Al arnd the ratic SisAl. Although Al and
Si/Al showed these high correlations, Si alone, did
hot.

Mineralic ratios were intergreted in tefms of
paleocenvironment. The Kaolinite/RKaclinite + Illite
RatioA#1 has been used in ccal research (Renton, 1979;
Negus-deWys and Renton, 1979). Based on this work the
ratio of kaolinite to illite changes, depending upon
the inferred depositional environment. Kaolinite is

an indication of fresh water environments while illite

46
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becomes increasingly dcrirant as the environment
becomes more "marine" or alkaline. In the southern
Appalachian basin coals or the western coals,
interpreted as having fresh water origins (lacustrirne,
alluvial plain), kaolirite makes up 70% or more of the
clays. In the northern Appalachian basin, interpreted
as being more "“brackish," the ratio is about 50:50,
while in the Illirois basin where coals accumulated in
a more "maripe®" influence, thke kaclinite represents
about 30-40% of the clays. Thke terms "brackish" ;nd
"marine" are relative terms. The most marine
corditions urnder which coal cculd be preserved would
actually be brackish at best. Thus, the
Kaolinite/Kaolinite + I1llite ratio in this study is
nonitored as a possible indicator of marine influernce,
the shales being considered the product of a poorly
preserved peat type of envircrment.

The Quartz,/Quartz + Kaclinite + Chlorite + Illite
Fatio #2 is basically a gquartz-clay ratio. The
relative abundance of quartz wculd be expected to
increase as the clastic source is approached, i.e.,
greater proximity to land. This is the interpretaion
applied to the data.

The Siderite/Calcite + Dolcmite + Siderite Ekatio
#3, again is based on coal studies. Siderite is

correlative with a fresh water-dominated environment.



cane Negus-ce Ays
WVU Dept. of Geology and Geography
Dec. 1979

This ratio parallels the Kaclinite/Kaolinite + Illite
ratio, the siderite only appearing as a dominant
carbonate phase wher kaolinite represents 70% or more
of the clays.

The role of diagenesis cculd be raised to
complicate the picture, but at the present writing, it
was decided to use the interpretaticn based on coal
studies unless cornflict was shown with other map
interpretations, or a good basis for changing
interpretation of this ratio was revealed (Smosna,
1379).

The Calcite/Calcite + Dclomite Ratio #4 is the
classic carbonate ratio with increased dolomite
reflecting near-shore, ¢vaporative environments.

The Chlorite/Chrlorite + Kaolinite Ratio #5 is
also interpre&ed on the basis ¢f coal study results.
Based on coal studied, chlorite is a marine indicator.
There does seem to be a variation in the relative
abtundance of the chlofite and kaclirnite depending upon
the depositional geochemistry. This ratio monitors
the chlcrite portion of the clay suite.

Table 12 shows the basic interpretations used in

the mineralic ratio maps. Wwhen the highest and lowest

48

values of all ratios are compiled on a master map, Figure

103 results. Stage 2 of interpretation is shown in Figure
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104. No major corflict is cbserved in the compiled
interpretation map. The north central section of the study
areaA(Paint Creek Uplift) is dcminated by the highest fresh
wvater indication, rcon-alkaline, and close to clastic
source, with the closest to clastic source value
situated at the central southern extreme of this area.
Fresh water areas are indicated east and west in the
vicinities of the Pike County anrd Perry County
uplifts. An area of marine influence extends from the
southwest into the study area, with a slightly marine
area indicated in the northeast. This trend may be
relatzd to the eastern Kentucky syncline development
(see Figure 2) and shows interruption of this marimne
trend, and perhaps central blcckage of marine water;
similarly, the syncline is interrupted by the N-S
interruption by the Paint Creek Uplift from the north.
The marine, clastic source area just to the
southwest of the center of the field is an anomalous
carbonate ard clastic area, alsc shown in the
litholecgy studies to show the largest number of
fractures. Fracture filling probably contributes to
the ancmaly. The center of tte field has been shown
also in the lithology studies tc be an area of
intertonguing complexity of different shale types.
The green shale appears to be emanating from the

northeast, which coupled with the geochemistry would
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suygygest fresh water transport. The brown shales
appear to originate largely in the northwest, related
through geochemistry to fresh water transport and
clastic source. The indication of near-shore
evaporative environment for the entire northwestern
three-gquarters of the area is suggestive of very
shallow water depositior.

The southeast direction, from which later thrust
ard uplift occur, appears not to be strongly marine,
but alsc not strongly fresh. La;k cf data hampers
further interpretation.

Marginal trends of computer-maps are
computer-related distortion and the central area is
thus more reliable. It should te menfioned that this
is an ongoing study, in which 162 maps and 160 grapus
have been produced to date. A proposal has been funded
for further definitive interpretaticn and regional
relaticnships.

Conclusions bas=d cn the geochemistry study teo
date include the following:

1) elemental inorganic geochemistry shows
promise as an exploration tccl for field development,

2) the Si/Al ratio of oxides, Al oxide, S and Mg
oxide maps show the highest number cf correlations
with contoured densities of bigh prcducing wells,

3) the lower Huron skows the highest number of
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corrcelations of elemental data with production;'the
upper Huron is a close sccond; the Three Lick shows
the least correlation, and

4) mineralic ratics are test used for
palecenvironmental interpretaticn, at the present stage
of data analysis.

Stratigraphic unit tops need refinement from
lithclegy studies and ratio interpretation should be
further researched for more specific paleocenvironmenal
implications.

E. Speculation

It is always tempting after an inteansive study to
speculate on posibilities with the fragmentary evidence
at hand. When the structurz, stratigraphy-lithology,
geochemistry, and open flow data are all compared,
gravity tectorics, driven by the uplift in the southeast
and abutting against the Paint Creek Uplift, may explain
an area following closely the basement Floyd County -
Channel, having 1) shorter and more intense fractures,
2) early gas migration to the area cff the nose of the
Paint Creek Uplift, 3) disruption of lithology patteras,
4) geochemical anomalies, 5) patchy sands in the
Berca/Bedford, 6) high pressure in the center of the
field, 7) a ghost thrust pattern on accordant sumamit
levels, and 8) fracture facies more intense in the Huron
vnere detachment is known to cccur. The N-S trend in
open flcw trends occurs only in the low or

non-productive areas outside the high open flow area.
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Eastern flowing rivers from the central area off

the Paint Creek Uplift are mentioned in older literature
(Billingsley, 1934) as occurring in Berea/Bedford tiae.

This may also account for "meandering" patterns of

high open flow off the nose cf the Paint Creek Uplift.

The contemporary residual im situ compresional

stress is oriented E-W ir eastern Kentucky and is suggested
ty Sybar and Sykes (1973) to te related to the driving mechanise
cf plate tectonics. This ir situ stress could bhe expected
to affect both the existing fracture patterns of the black
shale, and induced pa;terns cf fracture after "shooting"

a well.

IV. SUMMARY AND CCNCLUSICNS

Trends in the structural settirg of the Eastern
Kentucky Gas Field originate in the Precambrian with
N-S, E-W, and NE-SW directions.

Basement tectonics, whatever the cause, appear to
continue to play a role in basinal configuration,
thin-sginned tectonics, and interaqtion of structural
development throughout the Paleozcic history of the
field. Sedimentation, facies relationships, and
fracture development in turn are affected by one or
more of these factors. The pattern was established early
with the formation of the northeast trending Rome Trough

in the area of the present-day castern Kentucky syncline.
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Basinal subsidance, during deposition of the OChio
Shale sequence, was precz2ed2d by vclcanic ashfalls
{bentonite) during several intervals. Thicker
shales, suggesting more rapid basinal subsidence,
occurred in lower Hurorn time shortly after these
ashfalls and agair in Cleveland time following another
period cf volcanic ashfalls ("Big Sandy" bentonite).
These thicker sequesnces are also blacker as a result
of higher organic cortert. 2an obvious correlative
Juesticn would be the possibility of volcanic activity
preceeding the upper Huron blacker shales.

The source ma*terial for the crganic black shales
appears to originate latgely frcm cratonic marginal
areas to the nortt ard west of the field area where
it may ke presumed, larce swanp forests of

Archagopteris (Callixylopn) existed. These tree-feras,

placed in the special class of Progymnospermopsida,
reached a diameter of more than five feet.

How far into the irland sea these early giants of
the Devcnian swamps ventured is open to conjecture,
but they prokably did not grcw in water deeper than
1-2 feet. The shallow, anoxic, inland seawater was
teeming with greemn algae (Tasmanites) and brown algal

forms, i.e., Protosalviria, and the black shales
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show evidence of at lz2ast six other plants. Prevailing
r' winds during the upper Devonian were from the east;
related to present-day geography the prevailing wind
direction would be from the ncrtheast of the study
area concentrating floating vegetation in the
southwestern part of the basin against the cratoanic
I wmargin, A similar condition presently exists in Lake
Erie.

Detrital clays and silts, frcm the progradirng
deltas to the east and rorth, were deéosited in
complex intertonguing relaticnships with brown organic
silts from the north and rortkwest and black muds from
the northern and western cratcrnic swamplands. There
ray also have beer centributions frcm the south.
Ashfalls may have actually increased plant
productivity after temporary camage or destruction.

[ Organic soils were washed off the cratonic margin in

fresh water along with fine clays. Erosion of such
- soils wculd also have taken place as the lower Huromn
seaé transgressed the low-lying craton.

The Paint Creek Uplift emerged in a north-south trend
in the northwestern part of tie study area, doming the
Chio Shale, and interrrupting the earlier established
| synclinal structure (ancestral Rcme Trough) of the

northeast trending eastern Kentucky syncline. This uplift
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divided the synclire irtc a ncrthern "basin®" and a
southern "hkasin". Fracturing cf the Ohio Shale in
radiating bands to the east and southeast probably
accompanied this structural development.

Uplift and compression originating in the southeast
in post-Devonian time, was hinged along the eastern
Kentucky syncline, and slevated the southeastern
two-thirds of the areca to formr the socutheastern slope
flank of the syncline. This tsctonic movement raised the
Ohio Shale sequence slightly irn that area and was probably
accompanied by a secénd series of fractures related to
these stresses emanating frcr southeast of the study area.
The lowest portion cf the sequence (lower Huron) might be
expected to show the greatest effect of tensional
fractures from this movement.

This uplift imparted a gravity gradient toward the
northwest so that d2collement features related to gravity
tectonics could be anticipated. The lover Huron Shale,
the base of which is the. zone cf Aetachment in the
southeast, could be expected to be the site of greatest
disruption.

The most complex intertcrguing of lithofacies
occurs over the center c¢f high gas production, which
has long been known to be asscciated with fracture
occurrence and siltier lithology.

Cross sections through cpen flcw data compared
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with structurs show a close ccrrelation of high gas
accumulation to general doming of the Paint Creek
Uplift, (Figure 105).

On a more localized scale, the high open flow
trernds appear related to radially oriented bands of
higher production, focussed on the rose of the Pairnt
Creek Uplift, but also showing smaller subtrends,
posssitly resulting from interacticn of the
southeastern uplift ard latar southeastern and eastern
compressional forces with the Faint Creek Uplift (Figure 92).
The postulated radiating permeatle fracture zones related
to the Paint Creek Uplift protably provided conduits for
the majcr pattern of gas accurulaticn off the nose of the
uplift. Circular trends are also apparent arourd this
nose. High pressure zones in the shales are probably
a result of the compressional and ccmpactional
relaticnships, coupled with tte fracture conduits over
the nose of the Paint Creek Uplift.

The eastern flank of the castern Kentucky syncline
demarcates the major area of htigher open flow from the
area of little economic production to the northwest.

Gas may have escaped in this latter area because of
fractures extending to the surface and probably related
to growth of the Rome Trouga.

Thus, the Bastern Kentucky Gas Field, a coalescence
of many fields, appears to represent overall a highly

complex structural-stratigraphic gas trap.
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Certain inorganic geochermical elements appear to
delineate gas accumulaticn ard/or structure, and thus
provide a tool for field develcpment and exploration.
(Figure 106). Mineral ratios present a basis for
interpretation of paleoenvircrmental conditions, which
in turn may prove useful in development and exploration.

Tke shale reservoir of the Eastern Kentucky Field
area appears to have been deposited in an area which vas
dominated by relatively fresh water, marginal, cratornic
sWamps. These swamps were periodically destroyed and
the organic debris contributed tc the black shales
accumulating at the toe of the prograding delta from the
east, Cyclic developmert of gray and black shales on a
detailed scale (within members) as well as on a larger
scale (stratigraphic members) in the Upper Devonian Ohio
Skale sequence is especially apparent in the
northeastern part of the field. It is evidenced irn
wireline logs, 1lithology, and geocheﬁical graphs. This -
recognizeable cyclical sedimentation continued through
most of the Upper Paleoczoic reaching a climax in the
Pernsylvanian time whern the swamp development phase of a
cycle is preserved as coal.

Possibly future field development could benefit
from exploring trends relating to the two interacting
structural patterns resulting frcm the intersection of
the Paint Creek Uplift trend and the southeastern uplift

trend. Blocks within the Rcme Triough could individually
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be productive because of more intense fracturing along
their margins (Schaefer, 1979). Production might also
he scught from smaller structires off the nose of the
Paint Creek Uplift, but of sufficient size to causé
compactional fractures cr fractures originating from
tectonic stress associated with the development of the
structure. The contemporary ip situ compressional
stress is oriented east—uest,-which is also the trend of
the 1st degree surface from trend surface analysis based
on open flow data. A statistical advantage in offset --
wells from older high producing wells could be based on
this evidence. Clearly, fracing (hydrofrac, etc.)
results should be expacted to have such a preferential
direction and suchk information plus lithology and
fracture frequency trends could be cf use in bifurcatirg
(trifurcating, etc.) in drilling wells.

The silt-clay ratios appear to play an important
role in defining the best prodrction in the field, and
where possible, followirg these ratios may enhance
drilling success., The 90% lire for "percent clay of
total sequence" runs approximately through the center of
high density of high open flow values. The 50:50
silt:sand ratio passes N=-S through the center of high
production. These lines should be utilized in
exploration.

The 10/well fracture frequency contour, parallels
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the greater than 0.1 MMcf open flow demarcation on the
northwestern margin of the field. This is probably not
fortuitous that suck a minimum frequency of fracture
horizons within a well relates tc higher opsn flow. The
fracture freguency pattern alcne would also suggest
extending exploration to the southwest. However,
thickness of organric black shale dimirnishes rapidly in
that direction so that will be a liriting factor to
exploration in that direction.

The stratigraphic nomenclature of the Ohio Shale
places the black bituminous Cleveland Member above the
gray Chagrin Member, which in turn overlies the black
Huron Member, which is very sivrilar in lithology to the
Cleveland. The upper portion of the‘Ohio Shale is a
complex intertonguing of shales frcm primarily different
source areas: dgrays and dgreens representing for the
most part, uplift and distal deltaic sedimentation from
the easf and northeast, and black and brown resulting
from encroachment and destructicn cf cratonic swvanmp
margius by the shallow sea primarily from the west and
northwest with some addition frcm the southeast. As
such, the Clevelard and Huron Members are part of the
same black lithofacies as are the gray and green

lithofacies of the, again, Cleveland, Three Lick, and
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Huron units. Gray silty *ongues in the Cleveland can be
traced eastward toward the scurce area where they
increase in thickness, as can black tongues usually be
traced toward the craton to the north and west.

A revamping of the nomenclature is thus suggested,
based on lithofacies, source relationship, as well as
biostratigraphic basis. The true depositional
relationships of this time-transgressive sequence are not
represented in the present nomenclature. A suitable and

acceptable solutior represents a major endeavor by itself.
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V. SUGGESTEL FUTUPL PRCBLEHS FOER STUDY

Other problems besides tkat cf stratigraphic
nomenclature raised by the present study include:

1. Study of black shale-coal as a continuum in
paleoenvironments in terms of sedimentation,
geochemistry, and energy dynawics (proposal in
preparation),

2. Analysis of structure using 4200 + wells
above and below the Ohio Shale sequence, and relation-
ships to open flow data (study in progress),

3. Lithotypes in the Eastern Kentucky Field area
and relationships to adjacent arcas (pilot study on
700 thin sections funded and in progress),

4, Detailed production decline studies on
segments of the field, and relationships to other
parameters,

5. Detailed geochemical analysis of
stratigraphic units and relaﬁicnships tc natural
radioactivity and lithcfacies (proposal funded for
first year of a 2-year study),

6. Relationships cf geclogical development of
the Eastern Kentucky Gas Field to continental plate
collisions and subductiocn,

7. Relationships of bentonite occurrence to
basinal confiqguration and scdimentation; is there
another bentonite zone beneath the upper Huron black

shale; what effects did bentcrite have on plants on
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land and sea,

8. What Devonian plants contributed to gas
formaticn, their habitat; evcluticn, etc.,

9. Into what depth(s) of water did the Upper
Devonian black shales settle and what was their
transgort history,

10. How does the uraniur content change across
the field; what is the relaticpship to organics; what
amount c¢f gold exists ir the shales,

11. Could elemental geochewmistry on a finer
scale be useful irn exploration; could it be used in a
mobile unit (under study),

12, Assuming gas is prcduced from fractures,
what other methods could be used for detection: gas
*snoopers' ({(U.S. Army equipment), infra-red, plant
changes, low altitude air surveys, shallow seismic
{under study); would lichens te subject to gas
emanations and, thus be natural fracture indicators,

14. Instead of cryogenics, why not “hot" wells,
where a heat source (or differential) is used to

encourage gas release from shales,

15. A more regional tie-in of present study with

surrounding areas {study initiated),

62

16. Study the true range vertically and horizontally

of Protosalvipia, and possible significance of its

restricted zones,
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17. Where are the "zillicns"™ c¢f spores
(homosporous and heterosporous) that the large tree-fern,

Archasopteris, must have produced,

18. Are fish fourd in Ohio black shale in the
state of Kentucky as they are in Ohio black shale in
the state of Ohio; if not, why nct,

19. what is the stratigraphic relationship of
the Boyle to the Huntersville,

20. Aré there other bentcnities in the Ohio Shale
sequence and where are the scurce vclcanoes; what kirnd
of emissions,

21« Are there unrecognized erosional horizons withic
the shales,

22. What are the current directions for gray, greern,
black, and brown shales; what are the differences in each
member of the Ohio Shale segquence,

23. Could the black shale be primarily erodsd soil from
the craton (as suggested as cne possibility in this paper),

24, How extensive is channelling in the black shales
; what are the directions and locations of channels,

25. A complete mica study along with other mineral
contaminants in the lithology; possibility of igneous
intrusions in the field aresa,

26. Is there a recognizeakle porosity difference

(vhich may be the recult of tte silt or sand content) related
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to the demarcatior cof greater than 0.1 MMcf per day open
flow, and that can be determined frcm wireline logs in
combination (density logs, radiocactivity, etc.),

27. 1Investigate Devonian cyclic sedimentation as a
precursor to Carbonifercus coal swamps (as suggested in
this parper); causes commonL to both,

28. Tidal differerces in the Upper Devonian and
possible effects on sedimentation, including deltas,
and

29. Could gravity tectonics driven by the
southeastern uplift be the basic cause, in an area
following the Floyd Courty Channel, for: 1) increased
ard shorter fractures, 2) early gas migration to the
area off the Paint Creek Uplift rcse, 3) disruption of
lithology patterns, 4) geochemical anomalies, problems
ir lcg correlation, 5) patchy sands in the
Berea/Bedford, 6) high pressure in the center of the
field, 7) %"thrust" pattern on accordant summit levels,
and 8) fracture facies more intense in the Huron where

detachment is known to occur.
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I Bedford-Berea Sequence

r Cleveland Shale

' 200 API units

Brownish-black, organic-rich shale with
phosphate nodules near top.

Three Lick Bed

r- 3-4 closely spaced negative deviations

(less than 200 API units) on gamma

ray curve

Interbedded brownish-black and greenish
gray shales or mudstones (Provo, 1977).
Limestone with cone-in-cone may be present.

Partial
Chagrin
Shale
Equi-
valent

Upper Member
100-200 API units; massive brownish-black shale

Brownish-black and gray shales
interbedded in lower half;

L Middie Member  Protosalvinia found in outcrop

and core. Slightly less

radioactive than Upper Huron Shale.

Z03CTI

Brownish black, organic-rich
Lower Member shale with 1-4 thin zones of
I greenish gray to gray. 200 API units;
1-4 thin zones of lesser radioactivity.

mr>In

Io

o-—

mr>»Io

Table 2. Stratigraphic Units Studied with General Gamma Ray Log

Characteristics (Provo 1977) and Lithology.
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LITHOLOGY SYMBOLS
Sandstone Y Plant Fragments
- Siltstone P Protosalvinia?
R- Redbeds T Jasmanites
Limestone —> Slickensides
/ Dolomite f Fractures
H Pyrite S Spar
/\/\ Spicules? g Gouge
fe] Pseudo-oolites H Microspores
rrrere Bedding
? Missing Sample
= Shales

B- Black BR-Brown

\G-Gray - GR-Green

Table 4. Lithology Symbols for Cross Sectioms.
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Table 6.

VARIABLE

ILLITE
CHLORITE
QUARTZ
KAOLINITE
SZOMOLNOKITE
CALCITE
ORTHOCLASE
ANHYDRITE
PLAGIOCLASE
BASSANITE
DOLOMITE
SIDERITE
PYRITE

RATIO 1
RATIO 2
RATIO 3
RATIO 4
RATIO §

*May be considered numerically equivalent to weight percent

.ane \egus-ce
WVU Dept. of Geology and Geography

Dec. 1979

v\ys

SIMPLE STATISTICS FOR MINERAL DATA

Percent Total integrated intensity*

Minimum
0.0
0.0
4.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
44
0.0
0.0
0.0

Maximum

91.4
18
83.3
13.0
22
68.9
20
11
27
40
70.5
17.5
13.1
100.0
1000
100.0
100.0
55

Mean
52.3
0.7
337
0.5
0.0
1.3
0.0
0.1
09
1.9
1.7
2.2
4.8
1.3
393
78.7
9.1

1.2

Variance

189.2
0.1
119.6
3.2
0.1
429
0.0
0.1
0.2
0.5
67.1
26
15.6
42.8
160.1
7176
586.3

03

Coefficient
of Variance

26.308
50.586
31.085
374.000
664.617
522.579
469.630
277.298
42.371
36.698
475.066
72.945
49.622
5156.179
32197

34045
267.249

46639

Simple Statistics for Minerals and Mineralic Ratios.
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ILLITE

- CHLORITE
QUARTZ

' KAOLINITE
SZOMOLNOKITE
CALCITE

: ORTHOCLASE
ANHYDRITE

: PLAGIOCLASE
BASSANITE
DOLOMITE

o SIDERITE
PYRITE

Table 7.

<ane Negus-ce iy»
WVU Dept. of Geology and Geography
Dec. 1979

CHEMICAL FORMULAS FOR MINERALS

(H:0,K), (A l+-FerMgs) (Sis—Aly) 020(OH)
where y <2, usually y -1-1.5
(Mg, Fe*, F”*)6AlSi010(OH)s
SiO;

Al,Si:05(OH).

FeSO«H:0

CaCO:;

KAISi;Os

CaSOq

(Na, Ca)Al(Si,Al)Si:Os
CaS0«1/2H:0

CaMg(COs):

FeCOs

FeS:

Chemical Formulas for Minerals.



RATIO 1

RATIO 2

RATIO 3

RATIO 4

RATIO 5

CAN T hl® T Laose

Jane Negus-de Wys

WVU Dept. of Geology and Geography
Dec. 1979

RATIO DEFINITIONS

KAOLINITE
KAOLINITE + ILLITE

QUARTZ

QUARTZ + KAOLINITE +ILLITE+ CHLORITE

SIDERITE
CALCITE + DOLOMITE + SIDERITE

CALCITE
CALCITE + DOLOMITE

CHLORITE
CHLORITE + KAOLINITE

Table 8. Ratio Definitions.
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PERCENT OF TOTAL GAS

WELLS PRODUCING FROM % DRY HOLES
DEVONIAN (<.06 MMcf/DAY)

78.3
(highest %)

32.5
(highest %)

Table 10. Counties with Highest and Lowest Open Flow Based on

4205 Wells (Hunter 1964)
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Symbol
Summary

Age

Feature

Trend

E-w | NE-SW

Dome

Precambrian

Rome Trough

Floyd County Channel

New York-Alabama
lineament

D/

Cambrian-

Ordoviclan

Waverly Arch (east)
Rome Trough
Growth Fauits

——e| e, m———-

»

Silurian-
Devonian

Cincinnati Arch
Eastern Kentucky
Syncline

Mississippian

Paint Creek Uplift
Waverly Arch (west)
Pike County Uplift
Perry County Upliit

Pennsyivania

Eastern Ky. Syncline
Pine Mountain Thrust

® Rk o — - Einautataield

® O®&

Permain

Igneous Intrusion
(Woodward Fault
Zone)

Surface Dikes
(Woodward Fault
Zone)

—— s oy s s e n  t t  y i et e s s e |

associated
with E-W

% = greatest movement or development

Table 11,

Trends and Ages of Structural Features in the Eastern

Kentucky Gas Field Area.
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r-

Aréa Prbducing:
<200 MMcf/Well

between 200 and 500 MMct/Well [JJj >500 MMct/Well

Figure 2. Pattern of gas recovery in a portion of Floyd County,
suggesting recovery from fractures (after Hunter and
Young, 1953).
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Figure 3. Rock shale pressure decline of 200# contour from 1935-1951
figure 5 P

(after Hunter and Young, 1953).
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EASTERN KENTUCKY

GAS FIELD
5 0 5 mi.
h—r—d———
e ——pu—
s - : N § 0 5 10km.
g  Sites of Well

Cuttings Studied
J. Negus de Wys

Figure 4.

Accordant summit levels (after McFarlan, 1943).
Shaded area shows E-W central trend of contours.
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[

‘E
07
1

Contour Intervals:

. g

>

’d
() ,/
(<" EASTERN KENTUCKY GAS FIELD
o

Top of Fire Clay Cosai

{after

J Negus deWys

’r

800- 900 ft.
EE8 900-1000tt.

Structure

McFarlan, 1943)
May 1979
wiLes

3 -] s
e n——

L) 8 10
KILOMETERS

- Figure 5. Structure on top of the Fire Clay coal (after McFarlan,

1943). Note: Northeast-southwest trend of syncline inter-

rupted by the N-S trend of the Paint Creek Uplift; the
northeast basin is deeper than the southwest basin; this is
the area (NE) where the "Corniferous" limestone isopach

I suggests an early basin; and this northeastern area is sug-
gested by geochemistry to be an area of marine tidal
‘influence. See Figures 48 and 104. Age of structural

- development is indicated in parentheses.
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COAL FACE CLEAT LINES
in Eastern Kentucky

Study Area
(AFTER LONG, 1979)

Figure 6.

Coal face cleats (Long, 1979).
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Structure Top of Berea
{after Thomas.1951)
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Figure 7.

Structure on top of the Berea (after Thomas, 1951).
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- STRUCTURE
| TOP of OHIO SHALE
Eastern Kentucky Gas Field(s)
- JNowl.u‘:.V'ly:'.F::r:':v: 1879
f
s MIIO.ES s
[+ 5 10
KILOMETERS
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Figure 8. Structure on top of the Ohio Shale (after Provo, 1977).
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Figure 10. Location of Cambro-Ordovician growth faults trending east-

to-west, Permian igneous intrusive, and Permian dikes at
the surface, related to the Woodward Fault Zone. Position
of map area is shown in relationship to study area in
inset map (after Silberman, 1972).
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PERRY

co.
UPLIFT

U

PIKE CO.
UPLIFT

EASTERN KENTUCKY GAS FIELD
Bouguer Gravity
{after Ammerman and Keller,1979)

J.Negus de Wys May, 1979

L™

MILES
[} S

o L] 0
KILOMETERS

Figure 11. Bouguer gravity map with interpreted basement structures

as named (after Ammerman and Keller, 1979).

Surface faults

and southern boundary of Rome Trough are indicated by solid

line and heavy dashed line respectively.
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Figure 12.

Basement structure (after Shumaker,. 1977).

is based on gravity data.
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Figure 13.

Geological provinces and orogenic trend lines (after
Muehlberger, et al. 1967). The location of study area

is shown by rectangle.
of years.

Province ages are in billions
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SEQUENTIAL DEVELOPMENT OF STRUCTURAL
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THE EASTERN KENTUCKY STUDY AREA

-

\
L W.VA,
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J. Negus de Wys
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Figure 15. Sequential structural development.

93.



Jane Negus-de Wys
WVU Dept. of Geology and Geography
Dec. 1979

4
N ) ISOPACH of BEREA-BEDFORD
\ é Eastern Kentucky Gas Field (s}
atter Papper.Demarest,
)

’ g Marrels and e Wit 1948
3 J JNepus de Wys February, 1979

— ~, 7 ~7 . — } . wiLes .

/ -~ - ~ ! T————
f —_ | o 8 10
- KILOMETERS

Isopach map of Berea-Bedford Sandstone (after Pepper,
Demarest, Merrels, 2nd., and de Witt, Jr., 1946). At
O-isopach the unit becomes all shale. The »>100-foot
contour area runs almost N-S adjacent to the eastern
side of the highest production area in Floyd County.
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Figure 17. The locations of cross sections constructed from formation
density logs. Basement structure (after Shumaker, 1978)
is shown in dashed lines.
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Figure 18. Stratigraphic cross section B-B', southwest to north-
east through the field center, showing log traces of
natural radioactivity from the formation density logs.
Intertonguing of the black and gray shales in the
Cleveland are usually related to the changes in natural
radioactivity. The black shale in the Cleveland is
shaded gray.
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Figure 19. Stratigraphic cross section ELE, north to south through
the southern end of the field, showing log traces of

natural radioactivity from the gamma ray logs. The black

shale in the Cleveland is shaded gray.



r

r-

—

Jane Negus-ce #ys
WVU Dept. of Geology and Geography

98.
Dec. 1979 ,
NORTHWEST SOUTHEAST
K’ : K
LAWRENCE COUNTY ! MARTIN COUNTY PIKE COUNTY Datum Top
1 2 ! 3 4 5 ! 8 ‘ v ofBerea

% Berea/Bedford <%
%

le -
v

!
3
s

Midgyg Huron

iy
.'_:' Osviff:‘

,",ﬂ.;{wW e e

#p666a000000660800000 |

CROSS SECTION K'-K o0
] EASTERN KENTUCKY
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Figure 20. Stratigraphic cross section K'-K, north to south through

the northern end of the field, showing traces of natural
radioactivity from the gamma ray logs. The Protosalvinia
zone is where the brown algae occur most commonly. It has
been reported at horizons in the Three Lick down through
the Lower Huron (Provo, 1977; Swager, 1978).
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Figure 22. Stratigraphic cross section E'-E; datum: top of Berea.
Slight structure at the base of the section is apparent.

Gas occurrence from temperature logs is noted, where
temperature logs are available.
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CROSS SECTION E'-E

EASTERN KENTUCKY
GAS FIELD

J. Negus de Wys May, 1978

Figure 26. Structural-stratigraphic cross section E-E'. Gas

occurrence is noted where temperature logs are
available.
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Figure 27. Structural-stratigraphic cross section F'-H.

Gas occurrence is noted where temperature logs
" are available.
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Figure 28. Structural-stratigraphic cross section H'-J.
Gas occurrences are noted where temperature
logs are available.
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Figure 29. Structural-stratigraphic cross section K'-K.
Gas occurrence is noted where temperature logs

are available.
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Figure 31. Isopach map of total Ohio Shale.
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Figure 35. Lithology cross section c-C'.
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Figure 37a.
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Jane Negus-de Wys
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Drawing of Archaeopteris from Gillespie, et al., 1978,
with permission from the West Virginia Geological and
Economic Survey. This fern-like tree was placed in a
new class Progymnospermopsida in 1971 after the fronds
of Callixylon were found attached to the stem of
Archaeopteris which is reported from several locales in

the Ohio Shale, and is known to exceed a diameter of
five feet. '

115,
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Figure 37b.
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Deposition of black muds in shallow tideless waters
(after Twenhofel, 1939). "A peneplaned surface, or any
level surface of any origin, is gradually submerged with
plants adjusted to depths. The marginal areas are cov-
ered with aquatic plants bathed by fresh waters. Sea-
ward the aquatic plants are bathed by brackish and salt
waters. Between the salt-water and fresh-water plants is
a zone of variable waters. It is postulated that the
plants would hinder and largely prevent circulation, thus
insuring deposition of black muds. An advancing sea
would leave a deposit of black mud over the area of ad-
vance and this would become covered by other deposits as
the waters become too deep for the plants to thrive. A
receding sea would leave a deposit of black mud over the
areas deserted." (Twenhofel, 1939).
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Figure 38. Map of observed frequency of fracture horizons in wells

studied.
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Figure 39.

shale of total sequence.

Map showing iso-value lines of percent gray clay- to mud-
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Figure 40. Map showing iso-value lines of percent organic brown
silty mud-shale of total shale sequence.
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Figure 41. Map showing iso-value lines of percent green clay-shale
of total shale sequence.



L Jane Negus-de Wys 122
WVU Dept. of Geology and Geography L

Dec. 1979
—
.
. ISOPACH OF HIGHLY ORGANIC BLACK b
f MUD SHALE (IN FEETI <
A\
"\
. .
-
[
-
;
{
I
|
[
r
EASTERN KENTUCKY
GAS FIELD
I 5 0 5 mi.
It
ST v ’ poc——p—
s - N 5 O 5 10km
- g - Sites of Well
I - * Cuttings Studied
J. Negus de Wys

b
i

Figure 42. Isopach map of highly organic black mud-shale (in feet).
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Figure 43. Upper Devonian black shale isopach map (after Harris,
de Witt, Jr., and Colton, 1978). Contours in feet.
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Figure 44. Map showing iso-value lines of percent shale in total
shale sequence.
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Figure 45. Map showing lines of percent silt plus sand in total shale
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Figure 46. Silt to sand ratio map.
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Figure 47. Map showing iso-value lines of percent carbonate in total
sequence. -
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Figure 48.

Isopach map of "Corniferous" limestone (McFarlan, 1943).

Contours in feet.




FEC T SIS P2

Jane Negus-de Wys

WU Dept. of Geology and Geography
Dec. 1979
MAP SHOWING OCCURENCE OF \1._
REDBEDS AND BENTONITE Y

/~
- /./
] B
: <
\'\,4 B!
LR
o
) :
‘\_,"‘\'\{L G;\‘Q
"\.Lb_ ™
v \‘\
v e~
J 7
- Low
,~/
S
5
I3
\d\_
o \‘\
>
> .
<. . '
\ )
- EASTERN KENTUCKY
) .)\ / GAS FIELD
A a ~
rF < 5§ 0  S5mi
. - e
i N P - [ —
P
// . N 5§ 0 5 10km.
P o~ Bentonite cnmmwme Sites of Weli
Vi Redbeds wem s * Cuttings Studied

J. Negus de Wys

Figure 49. Map showing occurrence of redbeds and bentonites.
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Figure 51.

Structure on the Big Lime (after Miller and Withers,
1928).
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Figure 52. Isolines drawn on quartz data from Hunter (1935). Data
values are based on published county averages in percent.
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Figure 53. Isolines drawn on pyrite data from Hunter (1935). Data

values are based on published county averages in percent.
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Figure 54. Isolines drawn on kerogen data from Hunter (1935). Data
values are based on published county averages in percent.
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Figure 55. Isolines drawn on bituminous material data from Hunter

(1935). Data values are based on published county
averages in percent.
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Figure 56. Isolines drawn on estimated ultimate recovery well data
(Hunter, 1935). Data values are based on published
county averages.
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Figure 58. Si oxide graphs in well positions.
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Si/Al oxide ratio cross section c-C'.



Jane Negus-ce Wys
WVU Dept. of Geology and Geography

Dec. 1979 , 143,
D D'
Northwest Southeast

4.0 40 4.0
Top of
B;B ’ |, Berea/Bedford §
o
//
= b
UH — . ]
S
j <
LH— >
I
HBT
Y
D
?__J'OML
T CROSS SECTION D-D' OF
ot Si/Al RATIO
T | |
e e ! J. Negus de Wys June,1979

Figure 62. Si/Al oxide ratio cross section D-D'.



144,

d Geography

WVU Dept. of Geology an
1979

Jane Negus-de Wys

Dec.

‘¢9 2an3t] 03 Loy

ﬂ LN ] ﬂ s ﬁ q
I8EouwI 168vHHT I**1°°1r ¢
—THR9NNT -~ o [RARYNE L e & £ T ¥ 20 s Eaghdl SEil SR A
famongr IRWGRAT  1AWbHMIT 1YXEXX]Y T++74+] I°*1*°1r 1t
¢ 1 ¢ . { 4 b *nANY
I rI Tyttt ittt ittt ittt ittt ittt
—ABACANNHA- -NONHOLOUA—BEA000OON - XX XXX XXX Y —++ e rstep—osssssssss. omm————
CRBAERNENN RNONNNNNR AARARABAAHA XXXXXXXXX ++s+titsd oocc0ccccs
RENDRNNEN WNNNKNNNN AERRPHARA YXXXFXXXX ++++Z+444 *o°01°°°*  GMOAWKS
SHERSEONN BRUNANNXE HHAHBGHAR XXX XXXXXX +++++stes oototooss
—SENREREEN- ARONANBRA— RHARRLARA X AXXXXYXX ¢+ +pdprpp—sssessssd. omrmmrmmmmm
9 S 14 13 [4 1 TAART.
TAAAT HOVA NI SANTVYA LNTOd VIVA 40 NOTLNETHLSTQ ADNANNAHY

!
1
i

00° 1 00°1 00°Z 00°t 00°7 00°€6

TAAIT HOVE 01 OHNIXTAAV FADNVY ANTVA ALNN0SAY TVIOL 4D IDVINIIYIJ

0Z°LS £9°9¢ 90°9g [6°VS bEbS 0Z°tS WNWIXVNW
£€9°9¢ 90°a¢ 16°vS 12 3 A 0Z°¢tS 0neon 1:zm¢~z
(XINO TAAIT LSAHOTH NI aQAANTONI WAWIXVW,)
TIAAT HOVA NL ONTRTAAY AONYY IANTVA FLNI0SHY

|



«ane \egus-ce Ays

WVU Dept. of Geology and Geography
Dec., 1979

Rowoviooreleccrjccwa /ewe  cqmvcnlonsnjrareldrmrrirecchererjercusheoantenre /seasyoat
M L L i e I b LA T L LI TR PN T T IV L S PR L AL T DTS PR L UL |
BuPglpn P a Vb ab NNl ity Ay PAP AN B Al AW WP R WP g P YRGB PR W S by

ARG BWRABT P RGP AT Y AN B AP AN 4 wa”AMHVNUanVﬂ*n”.*h“w"nﬂwﬂwvwou“&NWVw”wnd Al
"unu%hﬂa%nﬁwhn*nmaw [ Pt P T N L R A L A S L R L el S L Y S
T L LG S Lk D A A R Rl *n*avxvef.vw%mwm*v”w"b*hﬂa*h*&wuﬂﬂ LI

+*8

LML L N S P T S0
WP Nn O PN NPy ity X
.Iﬁ!.lw“w*uhaMnhnUu”wm

B R I P A S T M T “auaw«”wmwx +t el
L AT VL T L L N e Y T L L PR YL I PR P Y .. veoel
*hww” LY AN ORK D W ARY e PAF AN f P it PR

L LML L L L e S T B T L T T N PP ' IL P NI M T T
BEPP L Bu PP a0 Ar g Pun BBy g N mgd a a M Vgt Py D My A
ML L O L L L T T LD P T VT o L P T L S T ] J H
ML LM L L LT S L AN T DV I I P L P RS T P TN ) 9 cesecae 1
BRBRANRKARATANGE XY LM My O QR LMBRANAQNAGY L0 A P DT AN M ¥ oa cescssas o1
BORBuN ARl Rl ut s, ”wh~¢h Vil P gyl Qe By Y vesvonces of
o LML L T L L L e L BYANANYP BNy A cesvses ot
4 *w*ﬂ”%“k?&"d¢$ WGt BB NP L B seveccone o!
L UL O P L F T o ee e casssccsese ol
L L L L L L] A 4% eevee vssemsveas ol
ToRpRphigmmpnnmme B,% o ¢+t terdrded e« o sesas ceccscne o)
2P0 gl e o o py o i O retrterrirendt eoeeaca seasen o’
L oL T e N N S S S R AL R XL eevecca cosens !
b AR mmaegrmemrml § ettt bt st et cecvorees erecesse +!
Too RpMmupmtpemumpembomn ¢ tsdrttdetttsdes ccecsove sesasncrceces * {
cee L Ll Lol sl Ll I R AR 2R KR R R R RE R X T e, cecnsenene T+ HmIl
PP LT L E T LT R R L R R R LR R T | cesasas +  HHAd
eseces HummtnhghmmnEakabnN 44 besatrtat et Jloaaaa, cesses 1t miHmEnl
Jeves. BFmPEmeEmnmEmemmetame  + $4+14++42 644 ciaceonsns ese t HrkmHm]
cveses L L LT T P DR L L IR SRR R R 2 2 S seee T+ Hmmmiinrie]
v oo oo 1m0 g e o o o e g D ey ot 4 4t s ccetecvesse + ey b g ]
eveoebene Sy b L b evscsoase +t mmme iy mmn

cee
cesvesnscs + Mm LmEmeasaEnes]
cessseses tt mEmEmmasmmmelagbngee |
LU LR Lol ] . secsesn + e e e i e B |
. 0 0 oy 0 6 g g e g g g g ot Bt t aeecescesee TF g et ot et e (R oy e ey B gty g [
LT L R T b g gy 1 . + nﬂhﬂn“ﬂ“nﬂnﬂnﬂnﬂﬂﬂh“a*
alalciotuiatcinty aly o *4 wfe - ]
n-nhqbnnnﬂnhnunaqnnnnhyu % 8 'S ~n~nuann~nu-n ANQNE?
E P L L L L T L TR PR | P L L L LU U UL T T )]
ee. ~HEMEEEEEaEaEEpm- § a Rl L LT UL DL Dy ML L T DL
P e e lala el L LU LY LY I ] N Y Gmamumnasen (afuInRelubiae
ces FabrprmEmsmmeamen Gty L el lal L L DL LL LT
Jeceoeooconansn .o LI LI L L A L L L L LS P T T T L)
eseeves coe, MEmEmpyam [ P00 llllll'. it QuBndaBnNaulwiy]

veee ok Lo L L T Ilulll.l.l W e MM NN RNl

creavas WM LM hgn BnBy "y P 0w e BNARANNORRANAND

1 5 gy oy o oy g 0 g e gy O g e gy o g et ey + e,
LD L L P L LY L L L I )

CEE T RN Y

1.. ceceses ecesasanae ol Bnafin BAOE » n= RatialnPluBeNduly !
cesacse e wiy LIl & B Ny = RalyNMa2edluletel

Teo essscese sees BADRRNOUNaNACERARE ¢ » = wnWaAkeRaVutdnuin il
1 essecns Teaeo PREARARMRERE & LR LN ST PR ML LT
S cesese .e NARARAPURGR © - oA @ " BB NWTER ARG NS
I sesene .e » 4and m AYAYA  YAX AAX W AuBsRuNePaletnl
T eovececcces secas - e SAVAXRYATAXKYARA e duMaRalaral
m cesceseae e WOAY ATXYLYAY XYY ANAXXYY e WAWNKHANRNG]
IBBB ccevacene eooessnsas tEE M AARATATAIAVAVAYARAKAYRAXAL M BuWaRwiiyl
+ sssen segvense teed 2 RNAY, T ALATACPAAY A CRX AT AL QY A Y = N RaRwly+
1 eeeeae PHVIE ARNTp N AN NE¥ AR DAY AV AT AA AT AXAKARA whavw !
1 cosas IEEESXE) AV LY D RAX Y RV YAV EY LY AN AN AN XXX X = wRang!
1 coen FTE44tstdedt AARY S IATANAYAYAYARASAYANANACAK AoOM Mgl
7 Pt bebeaa bty ATAT 3 aANArXY, N AR ey Mg ]
6 R R N ES NS VAFS VAR SR PR L L Ll L L L DLl Lt o Lol I
| T RN AR TR T Y 01 o e g 0 ) e g O gt e
I VHPEPE A I bty 2V AN ) mmEmEmn o oy el g g b 3o |
[ R AN IR X Y o 0 g g g om0 0 e g oy ot g Oy |

X g by S i g ot i o g 0 g e ot e g by g |
R s T e L DL L L L L P DL L L L LR

- PR R E Nt A e iy ot ot g el b g ol gy ol g 09 o g g e g g Sy B g |
el avosne FHTEEE A N o iy g kg o g e g ot g g e g o oy ot g 2 S g 0 o g B oy et g T
ceoenes . e S g g 0 o g e g b A g £ gy gy o om0 g ol iy ke |

o Bt o 10 oy ki S e i B gy g g o 00 St g B ]y o g g Bk ot gy
e o oy o P B o 1 0 g, o g i e 0 g B g g e gy o gy
= o g i 0 g g b o i g e e Ot b g oy o Bt B oy Sy P D |
o 5 g s 4 e O B gy it g G gy Bt g o |
a0 it e g 0 o e Iy e g ey g b gy B )yl 9 T
I L LU LT TP L P L L LT R
gy 1 20 g o o S g e gt B g e g e gt g o g ol g (o g ) g 0 oy
o e g g g iy 0 e s o oy g e kg Bty Dl g
o e s ) g e g e 7 ey g g o e e g B 4 ]
L e e e P L P L L )]

seecen

cevoce
caceva .e
cacese ces
eavela.
ceecve
cevenan seasee

cvssesse esaese

ess e esscepes

eseseasencssecnsaccsgnn

PERCENTAGE OF Si OXIDE FOR THE THREE LICK UNIT ﬂl

‘Figure 63. Computer-generated map of average Si oxide values in the

Three Lick unit. Darkest print out area represents the
highest level. Intervals in mapping are not necessarily
equal value increments because of computer mapping con-
straints. See key on preceeding page.
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Figure 65. Computer-drawn maps for Si/Al oxide ratio for stratigraph-
ic units. B/B = Berea/Bedford; C = Cleveland; 3L = Three
Lick; UH = Upper Huron; MH = Middle Huron; and LH = Lower
Huron; TS = Total Shale Sequence; 0S = Ohio Shale.
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RATIO 5

Figure 70.
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Hand-contoured map of final open flow data from 4750 wells.
Complexity of the coalesced fields is apparent.
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Figure 76. Histogram of open flow data (0.00-0.225 MMcf/day) vertical
scale is number of wells. '
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Figure 79. Pattern resulting from connecting all wells with » .5
MMcf/day where not contra indicated. This should be
compared with Figure 76 in order to recognize the density
of data and constraints of such density imposed on this
pattern.
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Figure 8l.

First degree trends from three trend surface analysis programs. Total
map study area is represented by quadrangle in 1, 11, and 111l. Areas
with arrows are the map segments on which trend surface analysis pro-
grams were run. Arrows indicate lst degree surface, or major trend of
data. R2 values are very low, suggesting a low predictive value in
the designated direction.
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Figure 83. Hand-contoured map of open flow data with three contour

levels, using 4750 wells.

The highest value areas are

shaded to enhance the pattern of higher open flow.

Circled dots are locations
geochemistry studies.

of wells used in lithology and
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Figure 84,

Trends of high open flow data taken from Figure 83.
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Trends of low open flow data taken from Figure 83.
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Figure 86. Polar plots of high open flow data trends. The length of
trends are measured from a 1:250,000 scale map. Radial
scale = number of trends. X = trends.
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Figure 87. Polar plots of low open flow data trends.
Radial scale = number of trends.
Trends measured on a 1:250,000 scale map.
X = trends.
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DEVONIAN SHALE COMPOSITE

FROM OUTCROP [N=433]
ILong 1979

Figure 89. Polar plot of composite of Devonian Shale fracture
5 orientations at outcrop (after Long, 1979).
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Deposition of
Fire Clay Coal
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Figure 91. Cartoon comparison of depositional and present attitudes
of Fire Clay coal and black shales. No scale is intended.
Upper diagram after McFarlan, 1943.



N -ce Wys
meDeS%l.lsocfeGeglogy and Geography

Dec. 1979 180.
R
-
1 =~
\\ —
\ /
\
\
" . \
;'b|‘£=;;' ' \
Y V4 , —
\

-~

1

Figure 92.

Pattern of open flow basic fracture band trends from

Figure 79. Compare with Figures, 73, 74, 80, 81, and 83.
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CONTINENTAL PLATES IN DEVONIAN TIMES
Iby permission from Heckel and Witze ,1978)

Figure 96. Position of continental plates in Devonian time (from
Heckel and Witze, 1978, with permission). Note position
of study area.
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- WESTERLY %
STORMS A. Lower Devonian o WESTERLY}?

STORMS 8 Middie Devonian

EXPLANATION
\\\ probable limit of Devonian sea on craton

E predominantly carbonate
o ooids
3 limit of thick evaporites

S sulphate
H halite most soluble salt

K potash

. ,‘%::_;E ::::k n’:ixed carbonate -terrigenous
! == predominantly terrigenous detrital
R redbeds
£== black shale
P phosphorite
a chert
s coal

0 study area
A A probable mountains

»wm, probable post-Devonion tectonic suture

Figure 97. Lower, Middle, and Upper Devonian paleogeography (from
Heckel and Witze, 1978, with permission).
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Histograms showing frequency of fractures versus litho-
types, stratigraphic units, structure on top of Ohio Shale,
and thickness of total shale. Highest fracture frequency
shows greatest correlation with 1) mud-shale, 2) Middle
Huron, 3) -1000 to -1250 feet on Ohio Shale structure, and
4) 500-600-foot thickness of total Ohio Shale sequence.
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Figure 100. Using fracture relationships shown in Figure 99 priority
t areas 1, 2, and 3 are presented as predictive of high gas
recovery. For comparison, contours of density of high
producing wells from Griffith's (1976) two maps are shown.
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Figure 101.

Isopach map of brown shale in Prestonsburg quadrangle,
with demarcation line of <0.1 MMcf/day open flow and
>0.1 MMcf/day open flow (after Thomas, 1951).
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Figure 103. Map showing first stage of geochemical interpretation
based on five ratio maps. (Figures 66, 67, 68, 69, and

70).
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UTNOLOGY CROSE SECTION 4w

Figure 105.

Comparison of similar cross sections.

figures noted.

Geography 193

Si/Al ratio for shale
sequence. See
Figure 6Q.

Natural radioactivity
with stratigraphic
units. See Figure 18.

Comparison of cross
section of hand contoured
(solid line) with computer
contoured cross section
(dotted line).

Structural-stratigraphic
section. See Figure 24.

Lithology cross section.
See Figure 34.

For details see
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Figure 106. Comparison of Si/Al oxide ratio map (average for total
shale sequence) with density of high producing wells
0.5 MMcf/day/25 square miles (the latter map after
Griffith, 1976).
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